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In rock engineering, two issues have been considered significantly important in the 
development of underground spaces in fractured rock masses: (1) the shear behaviour of 
rock fracture is the key factor that controls the mechanical behaviours of fractured rock 
mass encountering a rock structure construction; (2) water flow, mostly taking place in 
rock fractures, can alter the mechanical and hydrogeological properties of rock mass, 
facilitating the particle transport through rock fractures. The interactions of them can be 
investigated by coupled shear-flow tests in laboratory, as a basic building block to the 
assessment of the performance of underground rock structures such as radioactive waste 
repositories. 
  In the first part of this thesis, the shear behaviour and coupled shear-flow behaviour 
of rock fractures were investigated through laboratory experiments by using direct shear 
test apparatus and coupled shear-flow-tracer test apparatus, respectively. Constant 
Normal Load (CNL) condition as well as a more representative boundary condition for 
underground rock-Constant Normal Stiffness (CNS) condition were applied to these 
shear tests on the rock fracture samples with various surface characteristics to evaluate 
the boundary condition sensitivity and the influences of surface characteristics of rock 
fractures on their shear-flow behaviours. Numerical simulations on the coupled 
shear-flow tests using FEM were carried out using a special algorithm for treating the 
contact areas as zero-aperture elements and their results were compared with 
experimental results. Visualization technique was introduced into the coupled 
shear-flow tests by using CCD camera to capture the flow images in a fracture with the 
use of transparent upper halve and plaster lower halve of fracture specimen. Image 
processing was then applied to these flow images to obtain digitized aperture 
distributions, combining which with simulations, the evolutions of contact area, aperture 
and transmissivity of rock fracture during shear process were estimated.  
  The second part of this thesis mainly focuses on the numerical simulations on in-situ 
rock tests and excavation of underground openings. To examine the validity of the 
results of in-situ compression and shear tests, numerical simulations using DEM were 
carried out based on the geometrical models with joint distributions obtained from 
tested ground by boring survey. The normal stress and shear stress-normal displacement 
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and shear displacement curves of simulations showed good agreements with in-situ tests. 
Parameter studies by changing the distribution patterns of rock joints (dip angle, spacing, 
etc.) demonstrated that for hard rock mass, the movements of rock joints (compression, 
slip, separation) contribute to the macro mechanical behaviours of rock mass, and these 
movements can be significantly affected by the geometrical distribution properties of 
joints. An Expanded DEM (EDEM) approach capable of simulating the cracking 
process in intact rocks was developed. By using this approach, unconfined and triaxial 
tests on rock samples without and with fractures (flaws) respectively were successfully 
simulated.  
  DEM was then used to analyze the deformation behaviour of the underground 
opening of a pumped storage power plant, modelled based on in-situ geological data. 
The validity of numerical analyses was evaluated by comparing the simulation results to 
the site measurement data at two sections of the opening. Some local deformation 
behaviours of the opening influenced by the characteristics of discontinuity distributions 
were discussed. The influences of cross-sectional shape of opening and the orientation 
of initial ground stress on the performance of opening were evaluated. The approach to 
assess the feature of geometrical distribution of rock joints and its influences on the 
mechanical behaviours of underground opening was developed. Using the EDEM, 
excavation simulations of deep underground openings were carried out using the models 
with differing depths of opening and differing geometrical distributions of pre-existing 
discontinuities. The support effects of rock bolts on controlling the deformations of the 
rock mass surrounding an opening, the cracking in the intact parts of rock mass, and the 
movements of key blocks were also evaluated.  
 
 
Keywords: Rock mass, Rock fracture, Shear strength, Shear displacement, Fluid 
flow, Coupled shear-flow-tracer test, Finite Element Method (FEM), Expanded 
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1.1 Background and Objectives 
 
Underground space has been used for various reasons and purposes since ancient times 
and is now attracting more and more public attentions due mainly to the rapid industrial 
and economic growth provoked by modern activities of human beings. In the view of 
rock engineering, there are six main interactions which occur in rock mechanics during 
underground development. These are rock structure/stress, rock structure/water flow, 
stress/water flow, water flow/stress, water flow/rock structure and stress/rock structure 
interactions as demonstrated in Fig. 1.1 (Hudson and Harrison, 2007). As presented in 
this figure, the rock mass as a host ground of an underground excavation is generally 
not a continuum due to the presence of discontinuities, such as bedding, joints, faults 
and fractures, and the performance of the underground rock structure is principally ruled 
by the mechanical behaviours of the discontinuities in the vicinity of the excavation. 
Water flow, which could alter the mechanical and hydrogeological properties of rock 
mass, can be another important factor affecting the stability and safety of an 
underground excavation. The hydromechanical properties of a rock mass are to a large 
extent determined by the properties of rock discontinuities, as the discontinuities are 
usually weaker and more permeable than the intact rock (Hakami, 1995), and they are 
extremely important for long-term safety assessments of civil and environmental 
engineering works especially for underground radioactive waste repositories. 
As a basic building block of the performance assessment of a rock structure located in 
discontinuous rock mass, the shear behaviour of a single rock fracture is usually 
investigated in laboratory tests using direct shear apparatus, where the normal load is 
maintained constant during the shear process (i.e. Constant Normal Load condition). As 
far as the rock structures in deep underground are concerned, however, shear tests under 
CNL condition may not be appropriate, and more representative behaviour of rock 
fracture would correspond to a boundary condition of Constant Normal Stiffness (CNS) 
(Jiang et al., 2004c). Besides the boundary conditions, the shear behaviour of natural 




Fig. 1.1 Main rock mechanics interactions of underground excavations in fractured rock 




rock fractures is significantly influenced by the surface characteristics of the fractures, 
i.e. the fracture surface roughness, and usually the rougher the fracture, the greater the 
shear strength. A numerical description of the roughness of a rock fracture surface is 
essential to the estimation of its shear strength, dilatancy and stiffness, and a number of 
methods accounting for the fracture surface roughness have been developed by using 
various techniques like Joint Roughness Coefficient (JRC) measurement and fractal 
method (e.g. Barton, 1973; Czichos, 1978; Tze and Curden, 1979; Brown and Scholz, 
1985; Dershoitz and Einstein, 1988; McWilliams et al., 1990; Miller et al., 1990; 
Reeves, 1990; Huang et al., 1992; Xie and pariseau, 1992; Odling, 1994; Seidel and 
Haberfield, 1995; Piggott and Elsworth, 1995; Xie et al., 1997). A few shear strength 
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criterions of rock fracture were proposed, the general form of which involves normal 
stress, fracture compressive strength, friction angle and related surface roughness 
parameters (e.g. Patton, 1966; Barton, 1973, 1976; Kulatilake, 1998). Hyperbolic and 
logarithmic functions were also proposed to quantify the behaviour of normal 
stress-normal displacement of rock fractures (e.g. Goodman, 1976; Bandis, 1983; 
Brown and Scholz, 1986). 
The hydromechanical properties of rock fractures can be assessed through coupled 
shear-flow tests in laboratory studies. Most works of them focused mainly on the effect 
of variable apertures and asperity geometry due to normal stress alone (e.g. Iwai, 1976; 
Witherspoon et al., 1979; Raven and Gale, 1985; Pyrak-Nolte et al., 1987; Iwano and 
Einstein, 1995) or both normal and shear stresses (e.g. Makurat et al., 1990a, 1990b; 
Olsson and Brown, 1993a, 1993b; Gentier et al., 1997; Yeo et al., 1998; Esaki et al., 
1999; Olsson and Barton, 2001; Cheon et al., 2002; Hans and Boulon, 2003; Mitani et 
al., 2003), and some new tests under CNS condition were reportedly recently (Olsson 
and Barton, 2001; Li et al., 2006). Many efforts have also been made to test fluid flow 
and tracer transport processes in rock fractures, with or without flow visualization and 
normal stress (e.g. Brown et al., 1998; Detwiler et al., 1999; Renshaw et al., 2000; Xiao 
et al., 2006). It was found that fluid flows in rock fractures through connected and 
tortuous channels that bypass the contact areas. However, the effects of contacts and the 
channel distribution patterns in a rock fracture undergoing both normal and shear 
displacements have not been fully understood, due mainly to the difficulties of 
quantitative representation of fracture surface roughness, and the limitations in flexible 
and reliable boundary conditions required for laboratory shear-flow tests. In addition, a 
number of empirical relations between mechanical and hydraulic apertures of rock 
fractures have been proposed such as by Olsson and Barton (2001), whereas there still 
have not sufficient evidences, from either laboratory experiment or in-situ, to prove 
their validity in quantifying the fluid flows in coupled shear-flow system, besides the 
fact that a number of technical difficulties still exist in laboratory shear-flow testing, 
most notably the sealing of fluid during shear.  
  During the excavation of an underground structure, the change of stress state 
(primarily the redistribution of stresses) in the rock masses may trigger the cracking, 
which combining with the pre-existing discontinuities could remarkably reduce the 
strengths of rock masses, endangering the stability of underground structures. A large 
number of studies have been done to account for the crack initiation and growth in 
intact rocks. It has well been recognized that the inelastic deformation stems mainly 
from the growth of tensile microcracks in a crystalline rock when it is subjected to 
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nonhydrostatic compressive stress, and that microcrack growth, along with their 
coalescence, eventually leads to the evolution of macroscopic failure planes (e.g., 
Wawersik and Brace, 1971; Hadley, 1975; Wong, 1985; Kranz, 1983). There are several 
alternative approaches to dealing with these non-elastic responses of brittle materials 
within a framework of continuum mechanics. One is the phenomenological damage 
approach, which provides a convenient framework for modelling the progressive 
degradation of the mechanical properties of brittle solids (e.g., Krajcinovic and Fonseka, 
1981; Bazant, 1988; Krajcinovic, 1989). However, the crack evolution law is formulated 
on a somewhat heuristic basis, rather than on the microscopic kinetics of microcrack 
growth, so that it is almost impossible, to clarify theoretically the physical meanings of 
the parameters that are involved. Another approach is based on the recent development 
of micromechanics, in which microscopic events such as microcrack growth, along with 
microcrack kinetics, are taken into account directly in the formulation of macroscopic 
stress-strain relationships by means of averaging schemes (e.g., Moss and Gupta, 1982; 
Kachanov, 1982a,b; Costin, 1983a,b, 1985; Nemat-Nasser and Obata, 1988; Okui et al., 
1993; Okui and Horii, 1997; Hoxha and Homand, 2000; Shao and Rudnicki, 2000). As a 
result, all of the parameters are commonly given in terms of microcrack-related 
quantities (e.g., Nemat-Nasser and Hori, 1993).  
The discrete element method (DEM) represents the rock mass as an assemblage of 
discrete blocks and the discontinuities as interfaces between blocks. It could realistically 
model the mechanical behaviours (compression, slip, separation) and geometrical 
properties (orientation, gap, spacing etc.) of discontinuities in a rock mass according to 
site survey data and therefore attracts more and more attentions when studying the 
problems in discontinuous rock masses (e.g., Kulatilake et al., 1992; Schwer and 
Lindberg, 1992; Cundall, 1993; Bhasin et al., 1996; Shen and Barton, 1997; Souley et 
al., 1997; Zhao and Chen, 1998). The conventional DEM programs (e.g. UDEC) are not 
capable of representing the crack initiation and propagation in a rock, which limited 
their applications to the problems where significant cracking phenomena can happen. 
Secondary development is required for conventional DEM to complete such functions 
so as to give a better simulation to the actual ground reactions encountering an 
underground structure construction. 
  With the background given above, the overall objective of this thesis is to study the 
1st, 2nd, 3rd and 6th interactions as described in Fig. 1.1. The rock structure/stress and 
stress/rock structure interactions were studied by simulating the excavation process of 
the opening of a pumped storage power plant with comprehensive modelling of the 
discontinuities distributed in the host rock masses according to geological survey data 
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by using DEM. An Expanded Distinct Element Method (EDEM) was developed for 
simulating the crack initiation and propagation in the rock mass due to the shear and 
tension failures in the matrix blocks triggered by excavation of underground rock 
structures. The rock structure/water flow and stress/water flow interactions were studied 
on single rock fractures subjected to various boundary constraints (i.e. normal stress, 
normal stiffness and shear displacement) and water heads, reflecting the actual ground 
conditions of rock fractures in the rock mass encompassing an underground rock 
structure. In such a system where water flow exists, the slip (shear process) of rock 
fractures induced by the redistribution of in-situ stresses due to excavation was 
emphasized, leading to laboratory coupled shear-flow tests for the estimation of 
hydromechanical behaviours of rock fractures. Numerical simulations using Finite 
Element Method (FEM) were conducted on these laboratory tests to account for the 
evolutions of contact area, aperture and transmissivity fields during coupled shear-flow 
processes. Simulations were also carried out by using DEM to examine the results of 
in-situ compression and shear tests on fractured rock mass, which can be referred to 
interaction 6, and to investigate the mechanism of rock mass deformation subjected to 
normal and/or shear stresses. 
 
 
1.2 Thesis structure 
 
The outline of this thesis is shown in Fig. 1.2. After the introduction of the main 
objective and contents of this thesis (Chapter 1), brief descriptions of the principal 
concepts, theories and methods that were used in or have strong relations to the studies 
depicted in the following chapters are presented in Chapter 2, including the mechanical 
properties of intact rock, behaviours of rock fractures and design of rock structures. 
Chapter 3 presents the shear behaviour of single rock fracture, with literature reviews 
and laboratory direct shear tests on rock fractures with various surface characteristics. 
Coupled shear-flow and coupled shear-flow-tracer tests are reported in Chapter 4 and 
their related numerical simulations are depicted in Chapter 5. In Chapter 6, Simulations 
on in-situ compression and shear tests are reported with comparisons of experimental 
results and simulation results. Chapter 7 presents a numerical study on the performance 
of underground openings during excavation. The influences of geometrical distribution 
of rock joints and the cracking process in rock mass on the deformation behaviour of 
underground opening are also assessed by numerical simulations. Conclusions of these 
experimental and numerical studies are drawn in Chapter 8.  
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A fractured rock mass consists of an assembly of intact rocks separated by rock 
fractures. In order to develop realistic constitutive models for rock deformation, it is 
necessary to discuss the types of mechanical behaviour that rocks may exhibit. In this 
chapter, the stress-strain behaviour observed when intact rocks are subjected to external 
loads and the effects of confining stresses are briefly depicted. Failure criterions of rock 
and the properties of rock fractures such as their geometry and aperture are described.  
Deformation properties of the rock masses served as foundation of rock structures or 
encompassing underground openings are discussed.  
 
 
2.1 Mechanical behaviour of rock  
 
2.1.1 The stress-strain curve of rock in unconfined compression test 
 
The most common method of studying the mechanical properties of rocks is by axial 
compression of a circular cylinder whose length is commonly two times of its diameter. 
If the lateral surface of the rock is traction-free, the configuration is referred to as 
unconfined compression. If tractions are applied to the lateral surfaces, the experiment 
is referred to as one of confined compression, the most commonly one used in the tests 
of which is triaxial compression. As illustrated in Fig. 2.1, the full stress-strain curve of 
rock subjected to unconfined compression can be divided into 5 stages. 
 
1) The first deformation stage is section Oa in the curve. In this stage, pores and 
micro-cracks in the rock undergo consolidation, producing positive curvature with 
increasing slope. v>0, indicates that the volume of rock decreases as stress increases. 
Stress a in the curve is the ultimate consolidation strength of rock. 
 
2) The second deformation stage pertains to elastic deformation region, corresponding  




Fig. 2.1 Axial strain εa, radial strain εc, and volumetric strain εv as a function of axial 




to section ab in the curve. The pores and micro-cracks in rock undergo more 
compression and consolidation, trending to closure in most contents. Therefore, both of 
the stress-axial strain and stress-lateral strain are almost linear. The slope of 
stress-volumetric strain curve decreases with the increase of stress, indicating that the 
compression ratio of rock gradually declines. Stress b in the curve is the elastic 
ultimate strength of rock. 
 
3) In the third deformation stage (bc section), rock starts to exhibit dilation. The 
stress-axial strain curve and stress-lateral strain curve change from straight line to 
curves with decreasing declinations. As stress increases, the volumetric strain turns to 
decrease, revealing that the volume of rock changes from compression to dilation. This 
stage is a transition region from elastic deformation to failure. In some literatures, it is 
included in the next stage (stage 4) and therefore the full process becomes totally 4 
stages. Stress c in the curve is the yield strength of rock. 
 
4) Failure of rock finally occurs in the fourth deformation stage (cd section), where 
stresses in the stress-axial strain curve and stress-lateral strain curve gradually approach 
an ultimate value with decreasing gradients and rock exhibits ductile behaviour. The 
stress-volumetric strain curve continues to stretch to the left side, reflecting the 
increasing dilation happening in the rock. Stress d in the curve is the unconfined 
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compression strength of rock. 
 
5) After the peak strength, the fifth stage (de section) is the post deformation-failure 
region. The ability of the rock to support a load has decreased in this stage. After a large 
deformation, the stress gradually reaches a constant value at point e in the curve, which 
is the residual strength of rock. 
 
2.1.2 Effect of confining stress 
 
In rock engineering, rock is generally subjected to stresses from various orientations, 
which requires experimental studies of deformation and strength of rock in triaxial 
stress conditions. There are generally two kinds of triaxial compression tests, i.e. 
1>2=3 and 1>2>3. The first one mainly focuses on study the effects of 
confining stress on the deformation, failure and strength of rock. The later one is used to 
account for the effects of 2 on the deformation and strength of rock. 
 
1) Effect of confining stress to the stiffness of rock 
For high strength, high density, low porous rock like gabbro, the stress-strain curves 
exhibit linear elastic stages, with a slope that is nearly independent of the confining 
stress, showing that the Young’s modulus in different confining stresses keep constant 
(see Fig. 2.2(a)). Both the yield stress and the failure stress increase as the confining 
stress increases. For weaker rocks, their Young’s modulus increase with the confining 
stress as shown in Fig. 2.2(b). There rocks contain plenty of micro-cracks and pores, 
under confining stress, the closures of them give rise to the stiffness of rock. 
 
2) Effect of confining stress to the failure of rock 
Figure 2.3 shows the data collected by von Kármán (1911) on a Carrara marble. For 
sufficiently low confining stresses, brittle fracture occurs. At a higher confining stresses 
(above 23.5MPa), the rock can undergo a strain as large as 7 percent, with no substantial 
loss in its ability to support a load. At higher confining stresses, such as 165MPa or 
above, the axial stress continues to increase with strain after the yield point, exhibiting 
hardening behaviour. The behaviour shown in the descending portion of the stress-strain 
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2.1.3 Types of fracture 
 
According to the descriptions of Jaeger et al. (2007), under unconfined compression, a 
rock tends to deform elastically, until failure occurs abruptly. This failure is 
accompanied by somewhat irregular longitudinal splitting (Fig. 2.4a). With a moderate 
amount of confining pressure, longitudinal fracturing is suppressed, and failure occurs 
along a clearly defined plane of fracture (Fig. 2.4b). This plane is characterized by 
shearing displacement along its surface, and is referred to as a shear fracture. It typically 
inclines at an angle less than 45° from the direction of 1. If the confining pressure is 
increased, so that the rock becomes fully ductile, a network of small shear fractures 
appears, accompanied by plastic deformation of the individual rock grains (Fig. 2.4c). 
When a rock fails under uniaxial tension, an extension fracture appears with a clean 
separation of the two halves of the sample (Fig. 2.4d). If a slab of rock is compressed 
between two opposing line loads (Fig. 2.4e), an extension fracture appears between the 
loads. If these loads are caused by a jacket surrounding the core being squeezed into 






Fig. 2.4 (a) Longitudinal splitting under uniaxial tension, (b) shear fracture, (c) multiple 
shear fractures, (d) extension fracture, and (e) extension fracture produced by opposing 
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2.1.4 Failure criterion 
 
In this study, a number of compression tests have been carried out on rock with or 
without cracks. Therefore, it is essential to briefly depict the well-known failure 
criterions of rock in this chapter before referring to their utilizations in the later 
chapters. 
 
1) Coulomb failure criterion 
The Coulomb failure criterion is the simplest and still most widely used failure criterion 
for rock. It has been expatiated in many textbooks and literatures, such as a classical 
one: ‘Rock Mechanics and Engineering’ (Jaeger, 1979) and ‘Fundamentals of Rock 
Mechanics’ (Jaeger et al., 2007). At here, only a few principal equations are presented.  
In Coulomb failure criterion, if the failure condition is satisfied, failure will occur 
along a plane. 
 
  c  tan                            (2.1) 
 
























               (2.2) 
 
2) Griffith theory of failure 
The Mohr-Coulomb criterion threats rocks as intact homogeneous continuum. In fact, 
although for an intact rock, plenty of micro or tiny cracks exist. The failure of rock may 
not be controlled by the strength of the intact parts, but the stress condition around inner 
cracks, since failure may firstly initiate at the edges of these cracks. Griffith (1924) used 
the conceptual model of a 2-D rock containing a collection of randomly oriented thin 
elliptical cracks to derive a failure criterion that applies under tensile or compressive 
loads. This simple model leads to a curved, nonlinear failure surface in Mohr’s envelop 
that is in several respects more realistic than the linear Mohr-Coulomb law. 
Depending on the relation of 1 and3, the Griffith’s criterion for failure can be 
divided into two categories as shown in Tab. 2.1. 
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2.2 Properties of rock fractures 
 
2.2.1 General description 
 
Almost all rock masses contain fractures with typical fracture spacing ranging from tens 
of centimeters to tens of meters. These fractures have a controlling influence on the 
mechanical behaviour of rock masses, and also provide the major conduits through 
which fluids can flow. In laboratory experiments, limited by many technique difficulties, 
single rock fractures rather than fractured rock masses have accepted extensively studies, 
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roughness assessment and fluid flow quantification still remain uncertain. Hakami 
(1995) proposed a scheme of the fracture void geometry as shown in Fig. 2.5. Barton et 
al. (2001) described the properties of the components in the figure as follows.  
 
1) Aperture: the separation between the two joint wall surfaces. 
2) Roughness: the surface height distribution or the shape of the surfaces. 
3) Contact area: the area where the surfaces are in contact, and can transfer stresses. 
4) Matedness: how well matched the surfaces are. 
5) Spatial correlation: how abruptly or slowly the aperture changes from one point to 
another. 
6) Tortuosity: the forced bending of the stream lines due to variations in joint aperture. 
7) Channelling: differences in flow velocity along certain paths, due to variations in 
joint aperture.  
9) Stiffness: the stiffness or mechanical properties of a joint, which may be studied by 
looking at the closure caused by applied normal load. 
 
Each of these properties depends almost exclusively on the geometry of the fracture 
void space. A shear process comparing to normal loads can provide much larger changes 
of the void spaces in fractures. Assessing the interactions among shear and these 
components in Fig. 2.5 has significant meaning in understanding the hydromechanical 
properties of rock fracture and is one the main objective of this study. In the following 
sections, two factors in Fig. 2.5 including void geometry and aperture will be briefly 
depicted. Stiffness and roughness will be discussed in Chapter 3, where the shear 
behaviour of rock fracture will be examined by experiments. Contact area, tortuosity 
and channeling will be discussed in Chapter 4, with observed results from coupled 
shear-flow-tracer tests. In this study, since the rock fractures used in tests are all fresh 
and well mated, factors of matedness and spatial correlation are not taken into account.       
 
2.2.2 Void geometry and aperture of fracture 
 
Zimmerman (2007) considered a rock fracture as a nominally planar one that lies in the 
x-y plane. Two parallel reference planes can be drawn, one inside the lower region of 
rock, the other inside the upper region (Fig. 2.6). The distance between these two planes 
is denoted by d. The lower rock surface is then described by a ‘surface height’ function 
z1(x, y), and the upper surface by the function z2(x, y). The aperture, defined as the 
distance between the opposing rock surfaces, measured perpendicular to the two  











Fig. 2.6 Two rough fracture surface profiles, separated by an aperture h, along with the 
two reference planes, separated by a distance d.  
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reference planes, is then given by 
 
),(),(),( 21 yxzyxzdyxh              (2.3) 
 
In this condition, h is the aperture of a transect of a fracture, and its mean value hL 











lim               (2.4) 
 
Hakami (1995) proposed a definition of aperture b(x,y) for a fracture in 3-D as shown 
in Fig. 2.7. In this condition, the mean aperture h for a fracture is given by 
 
 AA dxdyyxbAh ),(
1
lim              (2.5) 
 
When a rock fracture is subjected to normal or shear stress or both, the two surfaces 
of fracture may undergo relative movements, bringing changes to the aperture. 
Therefore, the aforementioned aperture is usually called mechanical aperture hM to 
reflect the effects that stresses perform on aperture of fracture.  
According to Hakami (1995), in laboratory experiments, the commonly used 
measuring techniques for aperture can be categorized into three groups: 1) surface 
topography, 2) injection and 3) casting, as shown in Fig. 2.8. Koyama (2007) 
summarized the measuring methods in literatures using these three approaches as 
follows. In this thesis, the first approach and visualization technique are adopted and 
will be depicted in Chapter 4 in detail. 
 
1) Surface topography approach 
In the surface topography approach, the topography of the two fracture surfaces is 
measured using a profilometer, a mechanical device which has a stylus that moves on 
the fracture surface to record its topographic height at regular grid points (Brown and 
Sholz, 1985, 1986; Brown et al., 1986; Gentier, 1987; Matsuki et al., 1995) or a laser 
beam profilometer (Iwano and Einstein, 1993, 1995; Iwano, 1995; Lanaro, 2000, 2001; 
Sakaguchi et al., 2002; Fardin, 2003; Koyama et al., 2006a; Sharifzadeh et al., 2006). 
The aperture is defined as the distance between the two fracture surfaces in the direction 
perpendicular to a reference plane that is assumed to be parallel to the overall fracture 











Fig. 2.8 Different approaches to measure fracture void geometry (Hakami, 1995). 
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surfaces (Figs. 2.6 and 2.7). By measuring the fracture surface directly, the fracture 
surface profiles can be obtained very accurately. However, once both surfaces are 
separated, it is very difficult to reproduce their original positions for accurate aperture 
determination-the so-called relocation errors. This error can greatly affect the 
representation accuracy of the real fracture geometry. A technique of using reference 
spheres can be applied to reduce this relocation error considerably (Lanaro, 2000). 
 
2) Injection approach 
Wood’s metal (a low melting point metal) (Pyrak-Nolte et al., 1987; Yasuhara et al., 
2006a), resin (Hakami and Stephansson, 1993; Gale, 1987; Gale et al., 1990; 
Baraka-Lokmane, 2002), epoxy (Hakami and Larsson, 1996) or cement grout (Hakami, 
1994) have been used to fill up the void spaces of fractures. The specimen containing a 
fracture can be cut into slices after injection and the aperture is then measured as the 
thickness of the injected materials by photo-microscope and image analysis techniques. 
Since this method can measure void space/aperture directly, reliable data can be 
obtained. Pyrak-Nolte et al. (1987) observed void space of a single rock fracture by 
injecting Wood’s metal at different normal stress levels of 3, 33 and 85 MPa. 
Baraka-Lokmane (2002) used resin of very low viscosity and rapid hardening speed to 
measure the fracture void space of sandstone, and successfully measured void spaces as 
small as 10-50 μm. However, whether or not the void space is completely filled with 
injected materials is questionable, especially when the fracture aperture is very small, 
such as under very high normal stress conditions. 
 
3) Casting approach 
The casting approach is to make a replica of the void space between the fracture 
surfaces, or to make replicas of the fracture apertures (Gentier et al., 1989; Billaux and 
Gentier, 1990; Hakami and Barton, 1990; Hakami, 1995; Gentier and Hopkins, 1997; 
Yeo et al., 1998; Kostakis et al., 2003). Since the specimen is not broken, this approach 
can be applied for the same specimen for several times. However this approach has the 
same drawbacks as the injection approach. 
Besides these three approaches, the X-ray CT, which was originally developed in the 
medical field, is nowadays applied to rock mechanics by improving its resolution, i.e., 
visualization of heterogeneous micro-structure of rocks (Verhelst et al., 1995) and 
micro-crack propagation (Sugawara et al., 1997), visualization of fluid flow and 
saturation/porosity/permeability measurement of sedimentary (porous) rocks (Sugawara 
et al. 1998a, 1999; Withjack and Durham, 2001; Sato et al., 2002), measurement of 
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tracer diffusion into rock matrix (Nakashima, 2000; Tidwell et al., 2000; Polak et al. 
2003b; Nakashima et al., 2004), tracer migration in rock fractures (Sato and Sawada, 
2007), and visualization of fluid flow within deformed rocks (Hirono et al. 2003). The 
X-ray CT was also used to measure fracture aperture (Johns et al., 1993; Pyrak-Nolte et 
al. 1997; Keller, 1997, 1998; Sugawara et al. 1998b, Keller et al., 1999; Montemagno 
and Pyrak-Nolte, 1999; Bertels and DiCarlo., 2001; Yoshino et al., 2003; Sato et al., 
2004; Sato and Sawada, 2007) and to detect contact areas (Re and Scavia, 1999). 
 
 




Many aspects are involved in rock engineering, in different degrees affecting the 
deformation behaviour of rock masses. In the design and constructions of rock 
structures like rock foundations and underground openings, the main factors involved in 
are intact rock quality, discontinuity geometry, discontinuity mechanical properties, rock 
stresses, hydraulic conditions, proximate engineering disturbances, support and 
maintenance, and the effect of construction. To account for the effects of these factors, 
approaches combining the use of rock mass classification systems, numerical analyses, 
support-interaction concepts (e.g. Hoek and Brown, 1980), and designs based upon 
structurally controlled failure mechanisms (e.g. Hoek, 1977) are required. 
A number of rock mass classification systems have been proposed, trying to consider 
the most important aspects affecting rock mass in order to rate its quality, such as the 
RMR system introduced by Bieniawski (1973); the Q system developed by Barton, Lien, 
Lunde (1974); the GSI system introduced by Hoek (1994).  






iRRMR , where R1 is the rating for intact rock strength, R2 is the rating for RQD 
(rock quality designation), R3 is the rating for discontinuity spacing, R4 is the rating for 
discontinuity conditions, R5 is the rating for ground water, and R6 is the rating for 
discontinuity orientation (Bieniawski, 1978). 
Q represents rock mass quality value in the Q classification system, given by 
)/)(/)(/( SRFJJJJRQDQ warn , where RQD is the % of competent drill-core sticks 
>100mm in length in a selected domain, Jn is the rating for the number of joint sets (9 
for 3 sets, 4 for 2 sets, etc.) in the same domain, Jr is the rating for the roughness of the 
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least favourable of these joint sets or filled discontinuities, Ja is the rating for the degree 
of alteration or clay filling of the least favourable joint set or filled discontinuity, Jw is 
the rating for the water inflow and pressure effects, which may cause outwash of 
discontinuity infillings, and SRF is the rating for faulting, for strength/stress ratios in 
hard massive rocks, for squeezing or for swelling (Barton, 2002). 
These systems also provided predictions to deformation modulus in their individual 
forms, such as:  
 
)50(1002  RMRRMREm   Bieniawski (1978)              (2.6) 
 
)50(10 40/)10(   RMRE RMRm   Serafimand and Pereira (1983)    (2.7) 
 
MPa)100(10*)100/( 40/)10(5.0   c
GSI
cmE    Hoek and Brown (1997)   (2.8) 
 
Barton et al. (2001) classified the rock mass into categories I, IIa, IIb, IIIa, IIIb (Table 
2.2). For each rock mass category there are: brief descriptions of rock mass properties, 
the number of the joint sets encountered, the discontinuity spacing, the rock mass 
quality Q, the rock mass failure mode and the suggested numerical tools/methods for 
design. Obviously, FEM or FDM could be employed in simulations when rock mass can 
be treated as continuum. DEM and DDA are typical discontinuous methods which are 
beneficial for the simulations of rock masses from intact-jointed to moderately jointed. 
In this thesis, in-situ rock test simulations and underground opening simulations have 
been carried out, the rock masses in both of which can be classified into category II in 
Table 2.2. Therefore, DEM was chosen as numerical method to assess their mechanical 
behaviours, which will be depicted in detail in Chapter 6 and Chapter 7, respectively.  
 
2.3.2 Rock foundation stability 
 
Instabilities in the rock foundations are usually caused by the direct loadings from 
structures. As shown in Fig. 2.9, the foundation instability may result from the creation 
of new slip surfaces or from movement on a pre-existing discontinuity. Two different 
approaches exist to account for the foundation instability problem (Hudson and 
Harrison, 1997): 
 
1) to postulate a geometry of discrete blocks and evaluate the associated forces and 
instability  
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2) to consider the sustainability of a postulated stress distribution beneath the loaded 
region. 
 
These approaches have been used extensively in the study of plasticity. Two 
fundamental theorems exist for plastic analysis, with reference to the theory of plasticity, 
quotes these as: 
 
1) Upper bound theorem 
If an estimate of the plastic collapse load of a body is made by equating the internal rate 
of dissipation of energy to the rate at which external forces do work in any postulated  












Fig. 2.10 Geometry of Bray’s equivalent continuum solution (Goodman, 1989). 
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mechanism of deformation of the body, the estimate will be either high or correct. 
 
2) Lower bound theorem 
If any stress distribution throughout the structure can be found which is everywhere in 
equilibrium internally and balances certain external loads and at the same time does not 
violate the yield condition, those loads will be carried safely by the structure. 
 
An upper bound solution results from an analysis in which geometry of discrete block 
is postulated and the associated forces then determined, and a lower bound solution 
results from an analysis in which the sustainability of a stress distribution is analyzed. 
At the surface of a rock mass, the applied and in-situ stresses are generally so low as 
to prevent ductile behaviour and plasticity theorems will be inapplicable. However, the 
concepts can be applied usefully to rock foundations by: 
 
1) using the upper bound analysis in the study of foundations where the instability is 
governed by the movement of rigid blocks along pre-existing discontinuities. 
 
2) using lower bound analysis in the study of foundations where the instability is 
governed by a general yielding of the rock material, which could occur for highly 
loaded weak rocks. 
 
To assess the stability of rock mass as foundation, it is essential to evaluate the stress 
distributions beneath the loads introduced by structure. The stress distribution in rock 
mass with respect to normal load (with 0 shear component) and shear load (with 0 
normal component ) can be estimated by the Boussinesq (1883) and Cerruti (1882) 
solutions, respectively. Goodman (1989) developed the solution to the contour of radial 
stress when the load is inclined by using the Boussinesq solution. In applying these 
ideas in practice, it is prudent to study the influence of rock anisotropy. Bray (1987) 
developed a solution for an ‘equivalent isotropic medium’ for a line load inclined at an 
arbitrary angle to the surface as given below and the geometry illustrated in Fig. 2.10. 
 
 



















r     (2.9) 
 
where 

































































and where kn and ks are the normal and shear discontinuity stiffnesses, respectively, x  
is the mean discontinuity spacing.  
The resulting contours of radial stress for an equivalent isotropic medium with the 
plane of anisotropy at various angles to the surface of the half-space are shown in Fig. 
2.11. Experimental data produced by Gaziev and Erlikhman (1971) are shown in Fig. 
2.12. It is clearly shown in these figures that the contours of radial stress can be severely 
distorted so that they are not only extended downwards but also significantly sideways. 
Numerical simulation on jointed rock masses with differing joint set characteristics (dip 
angles, gaps, spacing) as rock foundations will be discussed in Chapter 6 by using 
DEM. 
 
2.3.3 Underground opening stability 
 
Fractured zones around the excavations caused by stress induced failure of the intact 
rock (e.g. by blasting) and the possibility of slip on pre-existing discontinuities because 
of the induced stress field (e.g. sliding of wedge) are two main modes that cause 
instability around underground openings. Rock reinforcement is a typical counter 
measure employed in practices to prevent the failure (e.g. sliding, falling of rock blocks) 
in the vicinity rock mass of an opening.  
 
1) Development of fracture zones 
For a circular excavation in plane strain, solutions for the radial extent of the fracture 
zone, the stresses within it, and the stresses within the remaining elastic zone can be 
derived from first principles for this geometry and stress state–with the usual CHILE 
assumptions as shown in Fig. 2.13. There is a zone around the opening where the 
Mohr-Coulomb criterion for the intact rock has been satisfied. Although these equations 
apply for an idealized case, they can provide guidance to intact rock failure potential 
and to what extent the rock might be damaged. 
 





Fig. 2.11 Radial stress contours produced using Bray’s solution for an equivalent 















Fig. 2.12 Model test data for loading on the surface of an artificial anisotropic material 
















Blast inducted damage is an additional cause of the development of fracture zones. 
Tension fractures are frequently observed in open pit and strip mine operations where 
poor blasting practices encourage pit wall instability. McIntyre and Hagan (1976) report 
vertical cracks parallel to and up to 55m behind newly created open pit mine faces 
where large multi-row blasts have been used. For large underground excavation, the 
stability of the underground structure is very much dependent upon the integrity of the 
rock immediately surrounding the excavation. In particular, the tendency for roof falls is 
directly related to the interlocking of the immediate roof strata. Since blast damage can 
easily extend several meters into the rock which have been poorly blasted, the halo of 
loosened rock can give rise to serious instability problems in the rock surrounding the 
underground openings. 
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2) Slip on pre-existing discontinuities 
In a rock mass, assume that the discontinuities do not affect the elastic constants in any 
way, and so the usual CHILE assumption is valid, but the strength of the rock is reduced 
on the discontinuity. The extent of any potential zone of instability around an opening 
can be established by considering whether the induced stresses locally satisfy the 
discontinuity shear strength criterion. Work on the strength of jointed rock masses 
suggests that this strength is influenced by the degree of interlocking between individual 
rock blocks separated by discontinuities such as bedding planes and joints. For all 
practical purposes, the tensile strength of these discontinuities can be taken as zero, and 
a small amount of opening or shear displacement will result in a dramatic drop in the 
interlocking of the individual blocks, such behaviour will be discussed in the next 
chapter. 
 
3) Rock reinforcement and rock support in discontinuous rock  
Fig. 2.14 shows the calculations for a sliding block subjected to constraints like anchor. 
The tension anchor should be installed such that the block and the surrounding rocks act 
as a continuum and block movement is inhibited. Without the anchor, in this case, the 
block will fall or slide if the angle of the slope exceeds the angle of friction of the rock 
surfaces for a cohesionless interface. Considering the length and diameter of the anchor, 
these have to be sufficient to ensure that the strength of the bonds across the 
anchor-grout and gout-rock interfaces are capable of sustaining the necessary tension in 
the anchor, which will depend on the fracturing of the rock mass.  
Hudson and Harrison (1997) made a key point to the rock reinforcements that, if the 
reinforcement inhibits block movement, and sufficient stress can be transmitted across 
the interface, then in principle the rock reinforcement has changed the rock 
discontinuum to a rock continuum.  
In practice, when rock anchors are installed in a discontinuous rock mass, the rock 
surface is often covered with wire mesh and then covered in shotcrete. It is emphasized 
that the wire mesh and shotcrete are part of the rock reinforcement system: the purpose 
of the shotcrete is to provide a stiff coating to inhibit local block rotation and 
movement.  
In Chapter 7 of this thesis, the excavation process of an underground opening is 
simulated by using DEM to assess the stability of opening and to predict the movements 
of key blocks, based on the rock joint distributions obtained from boring survey. The 
support effects of shotcrete, anchor and rock bolt are evaluated by assessing the 
convergence of deformation after applying these reinforcements. The cracking process 
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accompanied with excavation in the vicinity intact rock of opening is represented by an 













































































3.1 Mechanical behaviour of single rock fracture  
 
3.1.1 Normal stiffness of rock fracture 
 
If a rock core containing a through-going fracture that is aligned more or less 
perpendicular to the axis of the core is tested under uniaxial compression, the length 
change measured between the two end plates will consist of two contributions: the 
deformation of the intact rock, and an excess deformation, , that can be attributed to 
the fracture (Goodman, 1976). This excess deformation is called the fracture closure, 
and is defined to be a nonnegative number that increases as the fracture compresses. If 
the initial length of the specimen is L, and the normal stress is , the incremental change 











                   (3.1) 
 
where Er is the Young’s modulus of the intact rock and kn, with dimensions of Pa/m, is 
the normal stiffness of the fracture. An apparent Young’s modulus of the fractured rock, 
Ef r, could be defined, but it would not be a meaningful property of the rock, as its value 

















Fig. 3.1 Fracture closure of a granodiorite specimen. (a) axial displacement of intact 
core, core with mated fracture, and core with unmated fracture, (b) fracture closure, 
computed by subtracting displacement for intact specimen from displacement of 
fractured specimen (Goodman, 1976) 
 
 
Goodman (1976) made measurements of fracture closure as a function of stress on 
artificially induced fractures by measuring the displacement across the total length of an 
intact sample, and then repeating the measurement across the core after it had been 
fractured. Fracture closure measurements were made for mated fractures, in which the 
two halves of the core were placed in the same relative position that they occupied 
before the core was fractured, and on nonmated fractures, in which the two surfaces 
were rotated from their initial positions relative to one another. The unmated surfaces 
allowed much greater fracture closure and had much lower fracture stiffness (Fig. 3.1). 
The fracture closure is a highly nonlinear function of stress and levels off to some 
asymptotic value at high values of the confining stress. Goodman related the fracture 




















 10  ,    for  0                 (3.3) 
 
where 0 is some initial, low ‘seating stress’, t is a dimensionless empirical exponent, 
and m is the maximum possible fracture closure, approached asymptotically as the 
stress increases.   
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Bandis et al. (1983) made extensive measurements of fracture closure on a variety of 
natural, unfilled fractures in dolerite, limestone, siltstone, and sandstone and found that 
cycles of loading and unloading exhibited hysteresis and permanent set that diminished 
rapidly with successive cycles. Barton et al. (1985) later suggested that the hysteresis 
was a laboratory artifact and that in-situ fractures probably behave in a manner similar 
to the third or fourth loading cycle. Bandis et al. (1983) fit the fracture closure with 
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                         (3.6) 
 
which shows that k0 is the normal stiffness at low confining stress. The function 
proposed by Goodman reduces to equation (3.4) when t = 1 and »0. 
 
3.1.2 Surface roughness of rock fracture 
 
The shear behaviour of rock fractures is significantly influenced by the surface 
roughness. A numerical description of the roughness of a rock fracture surface is 
essential to the estimation of its shear strength, dilatancy, and stiffness. There are 
several methods to account for fracture surface roughness, which can be categorized 
into five major techniques: (1) fracture roughness coefficient (JRC) measurement, (2) 
statistical factors, (3) self-similar and self-affine fractal method in 2D and 3D, (4) 
spectral and line scaling method, (5) fourier transform method. 
 
Coupled Shear Flow and Deformation Behaviour of Fractured Rock Mass 
 
 36
1) JRC measurements 
Barton (1973) introduced the JRC (fracture roughness coefficient) approach to quantify 
roughness in one dimension. JRC values scale the fracture roughness with 10 typical 
profiles in the range from 0 (smooth) to 20 (rough). Typical roughness profiles for the 




























Fig. 3.2 JRC profiles (Barton, 1971). 
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This index is measured by the direct profiling method for the fracture, or by an 
indirect method of performing a tilt test on a rough fracture, together with a Schmidt 
hammer index test and the tilt test on a sawn rock surface. An empirical equation was 
developed for estimating the peak shear strength as a function of normal stress, residual 
friction angle on the fracture plane and fracture wall compressive strength. Barton 
(1982) also employed JRC as a parameter to build the correlation between hydraulic and 
mechanical apertures. The JRC value was recommended by ISRM (1981) and has been 
widely used in engineering practices. 
 
2) Statistical parameters 
Over the years, some statistical parameters having correlations with JRC have been 
developed, fundamental studies of them have been conducted, summarized by Tse and 
Cruden (1977), krahn and Morgernstern (1979) etc. Tse and Curden (1977) used the 
JRC profiles measured at 1.27mm intervals to develop regression functions between the 
JRC value and 8 different statistical variables. The work considered roughness as a 
function measured relative to a reference datum, or in terms of a spatial relationship of a 
location to the adjacent data points. Their work concentrated on variables that were 
































ACF                        (3.8) 
 
where, n is the number of measured points, z is the roughness amplitude about the 
centre line, dx is the interval between amplitude readings, f(x) is the roughness 
amplitude at the distance x along a profile of length L such that Δx is a constant distance 
lag. From the study of JRC profiles, Tse and Cruden (1977) concluded that the most 
correlated variables for surface roughness description were the mean square of the first 
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dxxxfxfSF                     (3.10) 
 
For rough surfaces in low normal stress environments, Tse and Cruden (1977) related 
their measurements to the established JRC values in 2 equations: 
 
2log47.322.32 ZJRC                        (3.11) 
 
SFJRC log28.1628.37                       (3.12) 
 
The statistical parameters have also received experimental studies to develop their 
relations to the mechanical behaviour of rock fractures without relating to the JRC 
values. Lopez et al. (2003) tested the responses of 4 statistical parameters in the shear 
test of a rock fracture and concluded that Z3 is not required in a model representing the 
fracture shear behaviour and Z4 is a more accurate one in the simulation of the 
mechanical behaviour of the rock fractures they tested. Herein, Z3 is the root mean 
square of the square of the second derivative of the heights, Z4 is the proportion of the 
difference of the positive length of profile and negative length of profile divided by the 









































Z niPi   )()(4                       (3.14) 
 
 
3) Fractal method 
Fractal geometry introduced by Mandelbrot (1983) provided a new approach to describe 
irregular geometrical shapes. Some studies have been done to characterize the rough 
surfaces of rock fractures by employing fractal geometry such as Power and Tullis 
(1991), Seidel and Haberfield (1995), Kulatilake et al. (1998) and Yamatomi et al. 
(2001). Fractals can be either self-similar or self-affine. Self-affine fractal models may 
be more applicable for fracture roughness than self-similar fractal models (Brown et al., 
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1985). There have been many methods in literatures for calculating fractal dimensions, 
such as divider, box counting, variogram and roughness-length. 
Seidel and Haberfield (1995) developed a fractal technique considering rock surfaces 
as self-affine surfaces and defined a relationship with chord inclination between 
adjacent readings and JRC. The fractal dimension and standard deviations of angle and 
height of a fracture profile of unit direct length can be characterized as: 
 
  DDNs /11cos                           (3.15) 
 



















                    (3.17) 
 
where D  is fractal dimension, s  and hs  are standard deviations to angle and height, 
N  is number of segments. 
For a line of direct length, dL , the standard deviation of height is given as: 
 
2/2   NNLs Ddh                         (3.18) 
 
Using the mid-point displacement technique, Seidel and Haberfield (1995) 






                       (3.19) 
 
The standard deviation of angle can be determined as follows: 
 
  DDk ksks /111.. 2cos                     (3.20) 
 
  The surface roughness of fractures plays an important role on the strength and 
deformation behaviour of natural single fractures. Kulatilake et al. (1998) developed a 
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new peak shear strength criterion which incorporates the fractal fracture parameters 
estimated by using the Roughness-length method. For a self-affine profile, the following 
relationship can be written (Malinverno 1990): 
 
   wHAws eee logloglog                      (3.21) 
 
where  ws , w , H  and A  are respectively, the standard deviation of the profile 
height, the spanning length of the profile, the Hurst exponent and a proportionality 
constant. The parameters H  ( DH  2 , D is fractal dimension) and A can be 
estimated from the slope and intercept of the plot of  wsln  and wln , respectively. 
The value  ws  is calculated as the root-mean-square (RMS) value of the profile 
height residuals on a linear trend fitted to the sample points in a window of length w . 
The estimation of a trend from the data can be made by calculating the RMS roughness 
using im -2 degrees of freedom as 
 


















                (3.22) 
 
where wn  is total number of windows of length w , im  is number of points in 
window iw , iz  is residuals on the trend, and z  is mean residual in window iw . 
 In order to obtain a reliable estimates of fractal parameters of natural rock fracture 
profile, Kulatilake et al. (1998) suggested a data density, d , greater than or equal to 
about 5.1 for the profile. For roughness profiles having 2.511.5  d  and 70.1D , 
w  values between 2.5% and 10% of the profile length are highly suitable to produce 
accurate estimates of fractal parameters. 
 The two fractal parameters ( D , A ) were used to quantify the stationary roughness of 
model replicas of natural fractures. To obtain these parameters, the fracture surface was 
first digitized using a profilometer. For a given set of values of d  and w , the average 


















1                           (3.23 a) 



















1                            (3.23 b) 
 
where,   jD  is estimated fractal dimension for jth surface height,   jA  is 
proportionality constant for j th surface height profile, N  is number of profiles, and 
jL  is straight length of the j th surface height profile in the direction considered. 
 Finally, the above roughness parameters were used to establish a new shear strength 
criterion of rock fracture in the following form: 
 





































log8.1160tan1 88.063.5    (3.24) 
 
where sa  is area of asperity shear, effI  is effective non-stationary trend angle,   is 
shear strength, j  is fracture compressive strength, and n  is normal stress. 
  Geostatistical technique introduced by Piggott and Elsworth (1995) describes both 
surface roughness and the spatial correlation of elevation. A self-affine fractal is a 
feature,  xz , which exhibits scaling behaviour in the form of: 
 
   xzssxz H                             (3.25) 
 
where s  is a scale factor, x  is a coordinate vector, and H  is related to fractal 
dimension  D  by 
 
HED  1                             (3.26) 
 
where E  is Euclidean dimension of the feature ( E = 2 for a fracture surface and E = 1 
for a section through the surface). 
A self-affine fractal surface has a semi-variogram function of surface elevation of the 
form: 
 
  hhY                     (3.27) 




where h  is lag vector. 
  The semi-variogram functions of surface elevation of the profiles were calculated 
using 
 













                    (3.28) 
 
4) Spectral method 
Durham and Bonner (1985) discussed the application of a power spectral density (PSD) 
analysis to the surface of three Westerly granite samples. Firstly, the rock surface is 
digitized using a profilometer by recording coordinates at a given point. The power 
spectral density (PSD) is then calculated for each profile taken, and then averaged to 
produce a single estimate for the entire surface. The PSD is calculated based on the 
direct method of classical spectral estimation: 
 





fG ii                            (3.29) 
 
where h  is sampling interval, L  is length of the profile, and  fZi  is fast Fourier 
transformation (FFT) of the discretely sampled profile. 
Using Eq. (3.29), Durham and Bonner (1995) have calculated PSD for three samples 
based on extensively digitized data at sampling intervals from 0.05 to 0.5 mm and 
profile length of 65 mm. To cover as much as surface area as possible, they have 
digitized each surface broadly at coarse scale and smaller patches at a finer scale. As 
expected, the fine and coarse scale PSD curves overlap usually, and the single and 
different topographies also bear a logical relationship. At low spatial frequencies, single 
surface topographies continue to gain power and difference topographies lack power. 
Spectral Analysis as outlined by Piggott and Elsworth (1995) describes both the 
roughness and spatial correlation of fracture surface topography. The spectral method 
uses the spectral density function of surface elevation as: 
 
   ff                            (3.30)  
 
where f is spatial frequency. 
The semi-variogram function can be obtained from spectral density function using the 
Bo LI  Nagasaki University 
 
 43
Fourier transform relation as: 
 




                    (3.31) 
 
Substituting wavelength, 1 f  and  f  in Eq. 3.31, the following function 






















                  (3.32) 
 






D                           (3.33) 
 
The spectral density functions of the profiles were calculated using the discrete 
















































         (3.34) 
 
 
5) Fourier series analysis 
Fourier series analysis can be used precisely to characterize the surface roughness of 
rock fractures. This technique reduces a series of regularly spaced x-z data to a 
combination of 2 coefficients, related trigonometrically to an identified period or 
impulse bandwidth. This is achieved by considering the superposition of a number of 
harmonic frequencies to provide a realistic level of correlation with the original profile 
data. The degree of small scale refinement is enhanced by consideration of increasingly 
higher harmonic frequencies in the calculation of f(x). The Fourier series is defined 
mathematically in Eq. (3.35). 
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where f(x) is a periodic continuous function measured at regular intervals Δx, within the 



























                      (3.37) 
 
The Fourier coefficients a0, an and bn for the prediction of dilation of a fracture in the 
field can be obtained from a series of laboratory tests conducted on field fractures 
collected from the same site. A database which stores the likely values of Fourier 
coefficients under different normal stresses for a particular site can be used for the 
prediction of shear behaviour of fractures. 
 
3.1.3 Behaviour of rock fracture under shear 
 
1) Basic concept of a rock fracture under shear 
If a fracture is located in a rock mass with a given ambient state of stress, the stresses 
acting across the fracture plane can be resolved into a normal component and a shear 
component. The normal stress gives rise to a normal closure of the fracture. The shear 
stress causes the two rock faces to undergo a relative deformation parallel to the 
nominal fracture plane, referred to as a shear deformation. For a rock fracture with 
rough surface, shear stress typically causes the mean aperture to increase, in which case 
the fracture is said to dilate. Dilation arises because the asperities of one fracture surface 
must by necessity ride up to move past those of the other surface. Hence, shear 
deformation of a fracture is inherently a coupled process in which both normal and 










Fig. 3.3 (a) Schematic diagram of a fracture sheared under constant normal stress 





Displacement parallel to the nominal fracture plane is called the shear displacement, 
and is usually denoted by u (Fig. 3.3a). The displacement in the direction perpendicular 
to the fracture plane is known in this context as dilation, and is denoted by ν. Shear 
displacement is reckoned positive if it is in the direction of the applied shear stress, 
whereas the dilation is positive if the two fracture surfaces move apart from each other. 
A typical but idealized curve for the shear displacement as a function of shear stress, as 
would be measured under conditions of constant normal stress, is shown in Fig. 3.3b. 
The shear stress first increases in a manner that is nearly proportional to the shear 
displacement. The slope of this line is the shear stiffness, ks. During this phase of the 
deformation, the two fracture surfaces ride over each other’s asperities, causing dilation 
of the fracture, but little degradation to the surfaces (Gentier et al., 2000). A peak shear 
stress p is eventually reached, corresponding to the point at which the asperities begin 
to shear off, causing irreversible damage to the fracture surfaces. This peak shear stress 
is also known as the shear strength of the fracture. The displacement at the peak shear 
stress is known as the peak displacement, up. 
If the fracture continues to be deformed under conditions of controlled shear 
displacement, the peak shear stress will be followed by an unstable softening regime, 
during which the shear stress decreases to a value known as the residual shear stress,r. 
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During this phase the asperities continue to be crushed and sheared off, the fractional 
contact area between the two surfaces increases, and the dilation continues but at a 
decreased rate. The level of displacement at which the shear stress first reaches its 
residual value is known as the residual displacement, ur. The behaviour of a fracture 
under shear depends very strongly on the normal stress acting across the fracture. A 
highly schematic view of the manner in which the relationship between and u varies 
with normal stress is shown in Fig. 3.4a (Goodman, 1976). In this model, the shear 
stiffness is independent of the normal stress, but both the peak shear stress and the 
residual shear strength increase with increasing normal stress. This is roughly consistent 
with the experimental measurements made by Olsson and Barton (2001) on a granite 
fracture taken from Äspö in Sweden (Fig. 3.4b). 
 
2) Direct shear test 
The most commonly used method for the shear testing of rock fracture is the direct 
shear test. As shown in Fig. 3.5, the fracture surface is aligned parallel to the direction 
of the applied shear stress. One halve of the specimen is totally fixed with another halve 
that can move in normal and shear directions with loadings. This type of test is 
commonly carried out in the laboratory. In the field, a portable shear box can be used to 
test fractures contained in pieces of drill core or as an in-situ test on samplers of larger 
size. Methods of preparing samples and carrying out these tests are discussed by ISRM 
(1974), Goodman (1976) and Hoek and Bray (1981). 
Test arrangements of the type shown in Fig. 3.5a can cause a moment to be applied 
about a lateral axis on the fracture surface, producing relative rotation of the two halves 
of the specimen and a non-uniform distribution of stress over the discontinuity surface. 
To minimize these effects, in almost in-situ tests, the shear force may be inclined at an 
angle (usually 10°-15°) to the shearing direction as shown in Fig 3.5b.  
Direct shear tests are usually carried out at constant normal load (CNL) conditions. 
For the last three decades, researchers have been involved in the modified design of 
direct shear test apparatus for a wide range of applications, especially the development 
of direct shear test under constant normal stress (CNS) conditions (e.g. Benmokrane and 
Ballivy, 1989, Skinas et al., 1990, Ohnishi and Dharmaratne, 1990, Indraratna, 1997). 
Jiang et al. (2001) developed an automated servo-controlled direct shear test apparatus 
capable of both CNL and CNS test conditions using LabVIEW-based control system, 
which will be described in detail in the next section.  
 
 






Fig. 3.4 (a) Effect of normal stress  on the relationship between shear stress and shear 
displacement (Goodman, 1976). (b) Measurements made by Olsson and Barton (2001) 







Fig. 3.5 Direct shear test configurations with (a) the shear force applied parallel to the 
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3) Shear strength of rock fracture 
The behaviour of rock fracture in a shear process as shown in Fig. 3.4 can be explained 
in terms of surface roughness using a simple model introduced by Patton (1966) as 
illustrated in Fig. 3.6. A smooth, clean, dry fracture surface has a friction angle , so 
that at limiting equilibrium for the direct shear test configuration of Fig. 3.6a,  
 
 tan                               (3.38) 
 
If the fracture surface is inclined at an angle i to the direction of shear (Fig. 3.6b), 
then shear deformation will occur when the shear and normal stresses on the fracture,  
and , are related by  
 
   tan**                              (3.39) 
 
Resolving  and in the direction of the fracture surface gives 
 
ii sincos*       and   ii sincos*              (3.40) 
 
Substitution of these values in Eq. (3.39) gives the condition for slip as 
 
)tan( i  (3.41) 
 
Thus the inclined fracture surface has an apparent friction angle of (+i). Patton 
extended this model to include the case in which the fracture surface contains a number 
of ‘teeth’ (Figs. 3.6c and d). In a series of model experiments with a variety of surface 
profiles, he found that, at low values of normal stress, sliding on the inclined surfaces 
occurred according to Eq. (3.41). As the value of normal stress was increased above 
some critical value, sliding on the inclined asperity surfaces was inhibited, and a value 
of shear stress was eventually reached at which shear failure through the asperities 
occurred. In this condition, the fracture possesses a cohesion that is due to the inherent 
shear strength CJ of the asperities and has an effective angle of internal friction of r < 
b + i. This bilinear shear strength envelope as illustrated in Fig. 3.7 can be represented 
mathematical as 
 
for T  :   )tan( ip                       (3.42a) 










Fig. 3.7 (a) Bilinear model for the peak shear strength of a fracture. (b) Peak shear 
stresses measured on cement replicas of a fracture in Guéret granite (Gentier et al., 
2000). 




for T  :   rJp C  tan (3.42b) 
 
Barton (1977) correlated i to JRC, and proposed the peak shear strength of rock 
fracture as follows. 
 
  rnnp JCSJRC   /logtan 10                    (3.43) 
 
where n is effective normal stress, JCS is fracture wall compressive strength, which is 
equal to the unconfined compressive strength of the intact rock for unweathered fracture 
surfaces but which has a much lower value for weathered surfaces (Barton and Choubey, 
1977). Kulatilake et al. (1998) proposed the strength criterion of rock fracture using 
fractal estimation of the fracture surface roughness as shown in Eq. (3.24).   
 
 
3.2 Direct shear tests on single rock fractures under CNL and CNS boundary 
conditions 
 
3.2.1 Development of serve-controlled test apparatus 
 
1) Normal stiffness acting on rock fracture 
The shear behaviour of rock fractures is usually investigated using a direct shear 
apparatus wherein the forces acting perpendicular to the direction of shear displacement 
are maintained constant. In the case of deep underground, the forces acting 
perpendicular to the direction of shear are not necessarily constant. The fractures may 
slide on the asperities, causing dilation which acts against the normal stiffness of the 
surrounding rock mass. Therefore, the forces on the interface increase as the dilation 
increases. The normal stiffness of the surrounding rock mass, kn, in the CNS boundary 
condition is illustrated in Fig. 3.8 and can be assessed by expanding the infinite cylinder 
theory as 
 
rvEkn )1/(                               (3.44) 
 
where E and  are the modulus and the Poisson’s ratio of rock mass, respectively, and r 
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is the influenced radius (Johnston et al., 1987, Jiang et al., 2001). The value of kn varies 
with the deformational properties of the surrounding rock masses. Since both E and  
are reasonably constant for the stress range considered, the normal stiffness is constant. 
 
2) Hardware of apparatus 
A novel servo-controlled direct shear apparatus, shown in Photo 3.1, was designed and 
fabricated for the purpose of testing both natural and artificial rock fractures under 
various boundary conditions (Jiang et al., 2001). The outline of the fundamental 
hardware configuration of this apparatus is described in Fig. 3.9, which consists of the 
following three units:  
 
a) A hydraulic-servo actuator unit.  
This device consists essentially of two load jacks that apply almost uniform normal 
stress on the shear plane. Both normal and shear forces are applied by hydraulic 
cylinders through a hydraulic pump which is servo-controlled. The loading capacity is 
400 kN in both the normal and shear directions. The shear forces are supported through 
the reaction forces by two horizontal holding arms. The applied normal stress can range 
from 0 to 20MPa, which simulates the field conditions from the ground surface to the 
depths of about 800m. 
 
b) An instrument package unit. 
In this system, three digital load cells (tension-contraction type, capacity 200 kN 
(normal), 400 kN (shear)) for measuring shear and normal loads are equipped with rods 
connecting to the two sides of the shear box (Fig. 3.9a). Displacements are monitored 
and measured through several LVDTs (Linear Variation Displacement Transducers), 
which are attached on the top of the upper shear box. 
 
c) A mounting shear box unit.  
As shown in Fig. 3.10, the shear box consists of lower and upper parts, the upper box is 
fixed and the fracture is sheared by moving the lower box. The upper box is connected 
to a pair of tie rods to allow vertical movement and prevent lateral movement. The shear 








Fig. 3.8 Fracture behaviour near an underground opening. (a) Underground opening in 






Photo 3.1 Photograph of the direct shear test apparatus. 
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3) Digitally controlled data acquisition and storage system 
In the novel apparatus, the constant and variable normal stiffness control conditions are 
reproduced by digital closed loop control with electrical and hydraulic servos. It uses 
nonlinear feedback and the measurement is carried out on a PC through a multifunction 
analog-to-digital, digital-to-analog and digital input/output (A/D, D/A and DIO) board, 
using the graphical programming language LabVIEW, with a custom built ‘virtual 
instrument’ (VI) and a PID control toolkit.  
Fig. 3.11 shows that the novel digital direct shear apparatus (Figs. 3.11 (b), (c)) 
differs from the conventional direct shear apparatuses that equipped a set of springs (Fig. 
3.11a), the normal load is adjusted based on the feedback hydraulic-servo controlled 







Upper shear box 
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vertical displacement of fractures during the shear process represented by the sign of the 
feedback, which is calculated by using the normal stiffness value, kn , as follows: 
 
 nnn kP                              (3.45) 
 
nnn PtPttP  )()(                         (3.46) 
 
where nP  and n  are the changes in normal load and vertical displacement, 
respectively. Data acquisition and normal stiffness setting are carried out digitally using 
16-bit A/D and D/A boards installed in a computer. 
Fig. 3.12 is a LabVIEW monitoring interface showing the front panel of the ‘shear 
screen’ VI. Users can set the boundary conditions (normal stress, normal stiffness, etc.) 
and operate the shear process (start, pause, shear rate, etc.) on this screen. Status 
information and the collected data curves can be presented on indicators in real time 
during shear tests. 
 
3.2.2 Sample preparation 
 
Two groups of samples were prepared for direct shear tests for different purposes. The 
first group was tested for the evaluation of different behaviours of rock fractures under 
CNL and CNS boundary conditions. The later group was tested to assess the relations of 
surface roughness of rock fractures to their shear behaviours.  
In both groups, specimens are 100 mm in width, 200 mm in length and 100 mm in 
height, the two haves of them constitute an artificial rock fracture, as shown in Fig. 3.13. 
First, the upper and lower molds must be detached from the shear apparatus before 
casting the upper and lower halves. Subsequently, the bottom mold was filled with the 
mixture of artificial rock-like materials and remained for at least 60 minutes to ensure 
adequate hardening. After one surface of the fracture profile was cast, the top mold was 
then placed over the bottom mold and filled with the same mixture. By doing so, fully 
mated fracture specimens were prepared for shearing. Photos 3.2 (a) and (b) show the 
prepared specimen, a pair of molds before shearing, and Photos 3.2 (c) and (d) show the 
surface profiles of fractures after shearing under low and high normal stresses, 
respectively. Photo 3.3 shows three sample replicas of rock fractures with different 
surface characteristics cast from the rock fractures in the construction site of an 
underground pumped-storage power station located in Miyazaki prefecture, Japan.  
 





Fig. 3.11 Principle of reproducing the CNS condition during the shear process in the 
novel direct shear apparatus. (a) CNS test in conventional apparatus, (b) CNS test in the 



















Time: t Time: t+ t 
Ph (t+ t) 
Pn (t+ t) = 








Fig. 3.12 A LabVIEW screen showing the front panel of the ‘shear main screen’ VI. The 
user controls and sets the CNS operation on this screen. Status information and the 
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Photo 3.2 Photographs of prepared samples. (a), (b) Pair of molds before shearing; (c), 





Photo 3.3 Three sample replicas of the surface roughness of rock fractures cast in three 
parallel fracture planes in granite, at a depth of 158 m, at the construction site of an 
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  For the samples in the first group, three types of rock-like materials were applied to 
describe soft rock, medium-hard rock and hard rock, respectively. The material type 
TR1, a mixture of plaster, water and retardant in a weight ratio of 1:0.2:0.005, was used 
to represent soft rock. The artificial rock material (TR2) with mechanical properties 
similar to medium-hard rock, was a mixture of plaster, sand, water and retardant in a 
weight proportion of 1:1:0.28:0.005. Resin concrete (RC) with very large strength was 
selected to assess the shear behaviours of hard rock. Note that the plaster used here is 
specially designed and has been verified effective to represent the typical mechanical 
behaviours of rock. Table 3.1 shows the physical properties of three types of rock-like 
materials. The uniaxial compressive strengths of TR1, TR2 and RC are 47.4MPa, 
89.5MPa and 107.7MPa, respectively. Three standard JRC roughness profiles (Case 1: 
JRC value from 4 to 6, Case 2: JRC value from 8 to 10, Case 3: JRC value from 12 to 
14) were selected for types TR1 and TR2. Table 3.2 shows the test cases of different 
artificial fractures under CNL and CNS boundary conditions and different initial normal 
stresses. Totally 72 artificial rock-like fractures were prepared and tested using the 
direct shear apparatus under three different normal stresses (2MPa, 5MPa and l0MPa). 
Among them, 27 cases using TR1 specimens were tested under the CNL boundary 
condition (kn = 0, (9 cases)) and under the CNS boundary conditions (kn set to 3GPa/m 
(9 cases) and 7GPa/m (9 cases)) with other 27 cases tested using TR2 specimens under 
the conditions as shown in the table. The remaining 18 cases were tested on RC 
specimens with different JRC values and with kn set to 5.4GPa/m. 
 
 













Density ρ g/cm3 2.066 2.069 2.247 
Compressive strength σc MPa 47.4 89.5 1.07.7 
Modulus of elasticity Es MPa 28700 26200 27100 
Poisson’s ratio ν - 0.23 0.29 0.24 
Tensile strength σt MPa 2.5 4.5 10.3 
Cohesion c MPa 5.3 9.9 15.9 
Basic friction angle  degree 63.3 64.4 57.0 
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3.2.3 Comparison of shear behaviours of rock fractures with standard JRC surface 
profiles under CNL and CNS boundary conditions 
 
The results obtained from shear tests on TR1 specimens are shown in Fig. 3.14. In order 
to compare the shear behaviours of rock fractures with the natural roughness profiles 
under both CNS and CNL conditions, shear tests under initial normal stresses of 2, 5, 10 
MPa were conducted on the RC specimens described in the previous section as shown 
in Fig. 3.15.  In Fig. 3.14(a) and Fig. 3.15(a), peak shear stresses were observed for the 
tests conducted under the CNL boundary conditions, but not for the tests conducted 
under the CNS boundary conditions. The peak shear stress increases as the initial 
normal stress increases and the residual shear stress increases with the increase of 
normal stiffness, suggesting that strain hardening behaviour will occur under the CNS 
boundary condition. During the CNL tests, the normal stress is maintained constant, 
consequently, the shear stress firstly increases linearly to reach a maximum (shear 
strength) and then decreases to the residual strength. The stress paths for the CNS tests 
on rock fractures are also straight before peak shear stress but thereafter exhibit much 
larger residual shear strength than the tests under CNL boundary conditions. Fig. 
3.14(b) and Fig. 3.15(b) show the shear stress vs. normal stress under CNL and CNS 
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boundary conditions. The normal stresses are increased under CNS boundary conditions, 
which contribute to the increased residual shear strength, and the increase of normal 
stress can be inhibited under larger normal stress. Furthermore, Fig. 3.14(c) and Fig. 
3.15 (c) show the relationships between normal displacement and shear displacement 
with different normal stiffnesses. It is clear from these figures that the dilation of the 
fracture is altered significantly when a normal stiffness is applied to the sample. The 
dilation in the CNS tests is smaller than that in the CNL tests, and larger normal 
stiffness can inhibit more dilation. Therefore, the mechanical aperture change of a 
fracture can be very different when a normal stiffness is applied to the fracture, which is 
also influenced by its JRC value. 
The normal stress vs. shear stress paths with different samples under CNL and CNS 
conditions are shown in Fig. 3.16. In CNL tests, the shear stress decreases when the 
peak shear strength is arrived, exhibiting pure vertical shear stress paths due to the 
unchanged normal stress. In the CNS tests, the shear stress changes after peak shear 
stresses accompanied with the increase of normal stress. When the JRC value of the 
rock fracture is small (i.e. 1.5 in the figure), the shear stress drops quickly with slight 
increase of normal stress. When the JRC value becomes larger (i.e. 3.6 and 8.5 in the 
figure), the shear stress continues to increase after peak shear stress and the stress paths 
are somewhat parallel with the regression line of the peak shear stresses under the CNL 
conditions, indicating that under CNS boundary conditions, the residual shear stress of a 
rough rock fracture can also have linear relations with the normal stress following the 
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Fig. 3.14 Shear behaviour of fractures under CNL and CNS conditions. (TR1, JRC = 
8~10, Normal stress:σn0 = 5 MPa). 
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Fig. 3.15 Shear behaviour of rock fractures with natural surface characteristics under 
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Fig. 3.16 Shear stress versus normal stress paths for different samples under CNL and 
CNS conditions. 
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3.3 Influence of surface roughness on shear behaviours of rock fracture 
 
3.3.1 Sample preparation 
 
The cases tested in group two are shown in Table 3.3. The physico-mechanical 
properties of the samples in group two are coincident with the sample TR1 in group 1. 
Three standard JRC profiles (J1: JRC value from 4 to 6, J2: JRC value from 8 to 10, J3: 
JRC value from 12 to 14) were chosen as prototypes to manufacture artificial rock 
fractures, identical to the cases 1, 2, 3 in group 1.  
The principal difference of the two test groups are that the surfaces of rock fractures 
before and after shearing in group 2 were measured and used in the estimations of the 
relations of surface roughness and shear strength, while tests in group 1 focused on the 
shear behaviour of rock fractures under different boundary conditions. 
 
3.3.2 Measurement of surface roughness 
 
To obtain the topographical data of rock fracture surfaces, a three-dimensional laser 
scanning profilometer system (Fig. 3.17), which has an accuracy of ±20 μm and a 
resolution of 10 μm, was employed. A X-Y positioning table can move automatically 
under the sample by pre-programmed paths to measure the desired portion of the sample 
surface. A PC performs data collecting and processing in real time. 
Fracture profiles of specimens J1, J2 and J3 were made based on the standard JRC 
profiles. Therefore, theoretically only one line on the fracture surface can be assumed to 
represent the whole surface roughness. In this study, 5 lines with a constant spacing 
along the shear direction on the surfaces of specimens were measured with a 0.3125mm 
interval and the mean values at every point were calculated to create 2D profiles that 
represent the mean surface geometry. The specimen J4 was measured in both shear 
direction and the direction perpendicular to the shear direction with the same sampling 
interval for obtaining sufficient data for 3-D fractal evaluation. 
 
3.3.3 Fractal dimension evaluation methods 
 
1) 2-D fractal dimension evaluation method 
The primary variable characterizing a roughness profile is the asperity height as a 
function of locations of measurement. Let xi be the horizontal distance along a 
roughness profile and Z(xi) be the height of the surface from a datum. The variance V(h)  
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Table 3.3 Experiment cases under CNS and CNL conditions for the test group 2. 
 
Specimen Roughness(JRC range) Initial nomal stresses Boundary condition 
J1 4~6 2MPa  
J2 8~10 5MPa CNL 




























X-Y Positioning table 
LK-030
Laser disp. gauge 
Specimen 
Personal computer 
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)(                      (3.47) 
 
where N is the total number of measuring points along the profiles. Orey (1970) stated 
that V(h) represents a class of variograms that indicates fractal properties. The variance 









                     (3.48) 
 
On a log-log plot of variance V(h) vs. lags h, A is the intercept on V-axis, and 2β is 
the slope of the plot. Therefore, fractal dimension, D, can be estimated from the 
following equation: 
 
 2D                             (3.49) 
 
Miller et al. (1990) pointed out that fractal dimension alone does not perform well in 
description of the roughness of fracture profiles. Since fractal dimension D and intercept 
A are independent variables, the combination of D and A, i.e., the variance is well 
related to the fracture roughness of profiles, may give a more accurate evaluation. 
However, the variance cannot directly quantify stationary roughness. Therefore, it is 
necessary to develop a new fractal model to describe the stationary roughness of 
fracture surface using direct and quantitative method. 
Esaki et al. (1997) proposed a fractal model, in which, the average roughness angle 
U(h) is defined as root mean square increment of the first derivation of two asperity 
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where N is the number of measurement point, and h is horizontal interval. In fact, U(h) 
is the average slope of asperity Z2, which is strongly related to JRC. 
The relation between U(h) and fractal parameters (B and D ) can be described as: 
 
DD hBhAhU   11)(                     (3.51) 
 
On a log-log plot of U(h) vs. lags h, amplitude B is the intercept on U-axis, (1-D) is 
the slope of the plot and D is the fractal dimension. 
Many profiles of natural irregular rock fractures can exhibit non-stationary properties. 
If the fracture profile is inclined (or declined, not horizontal) with respect to large-scale 
undulations, then the shear mechanical properties of the fractures in the upward inclined 
direction will be different with that in the opposite direction. However, the fractal 
parameters (amplitude B and fractal dimension D) or average roughness angle U(h) will 
be the same for both directions. They are insufficient to quantify the structural 
non-stationary component of the fracture profiles.  
The structural non-stationary component can be represented by a linear function with 
a positive or negative inclination. The inclination can be denoted by basic roughness 
angle 0 , which for one profile can be estimated through regression analysis on 












000 tan                     (3.52) 
 
where 0  is the slope of the surface, i0  is the slope for ith profile (Fig. 3.18), h is 
the horizontal length for the ith profile and Xi is the length of ith profile. 
Both fractal dimension D and basic roughness angle 0  are investigated in this study 



















2) 3-D fractal evaluation method 
Fractal dimension measured on a sectional profile ranges 1  D  2. Because of the 
anisotropy and heterogeneity of fracture surface topography, fractal measurement based 
on profiles is questionable because of: (1) a 3-D rough surface is essentially cannot be 
represented by a single 2-D profile; (2) Choice of the direction of 2-D sectional profiles 
may have large influence on the results (Xie and Wang, 1999). 3-D fractal dimension, 
which is closer to real situation, may give better solution to these problems. 
In this paper, a direct 3-D fractal evaluation method, the projective covering method 
(PCM) proposed by Xie et al. (1993), is used to directly estimate the real fractal 
dimension in the range of 2  Ds  3 for a fracture surface. 
In this method, a corresponding projective network B is set to cover a real fracture 
surface A as shown in Fig. 3.19. This fracture surface is then divided into a large 
number of small squares by a selected scale of  (Fig. 3.19a). In the kth square abcd 
(Fig. 3.19b), the heights of the fracture surface at four corner points a, b, c and d have 
the values of hak, hbk, hck and hdk. The area of rough surface surrounded by points a, b, c 
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Fig. 3.19 The projective covering method (PCM). (a) A fracture surface A and its 
corresponding projective network B, (b) the kth projective covering cell. 
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The entire area of the rough surface under kth scale measurement is given by 
 











                                (3.54) 
 
In fractal geometry, the measure of a fractal object in an E-dimensional Euclidean 
space can be expressed in a general form (Xie, 1993): 
 
sDEGG   0)(                            (3.55) 
 
where, E represents the Euclidean dimension. If E=2, G and δ in Eq. (3.55) correspond 




 20)(                             (3.56) 
 
where 0TA  denotes the apparent area of the rough surface. From Eqs. (3.54) and (3.56), 













                       (3.57) 
 
where sD  is the real fractal dimension of a rough surface. 
The surface of J4 was measured before and after shearing for the tests under different 
boundary conditions, and sD  values were calculated based on this method (Fig. 3.20). 











Fig. 3.20 3-D model of specimen J4 based on measured surface data before shearing. 




3.3.4 Correlations of mechanical properties with fractal dimension of rock fractures 
 
1) Shear strength 
Fig. 3.21 shows two examples of the shear test results, one is the test with initial normal 
stress of 2MPa and normal stiffness of 0, 3, 7GPa/m on J2; another is the test result of 
J4 when initial normal stress is 1MPa and normal stiffness are 0, 3, 7GPa/m, 
respectively. For all tests, the shear stresses are greater under CNS condition because of 
the increased normal stress caused by dilatance during shearing. Comparing all of the 
test results, it can be found that the shear stress increases with a larger initial normal 
stress and a higher value of JRC. Moreover, it is shown in Fig. 3.21 (b) and (e) that the 
normal displacement controls the mechanical aperture of fracture, and changes 
significantly when a normal stiffness is applied to the sample, due to the increase of 
normal displacement with shear displacement. The change of normal displacement in 
CNS tests is small in comparison with that in CNL tests. 
(mm) 






Fig. 3.21 Shear and dilation behaviours of rock fractures. (a), (b), (c) J2, 0n =2MPa; 
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Since the specimens used in this study were manufactured based on known JRC 
profiles, it is of interest to compare the shear results with the predicted value by using 
Eq. (3.43) (Barton and Choubey, 1977). In this equation, values of four variables need 
to be investigated to predict shear strength. Herein, JRC and n have certain values at 
initial conditions and the measured JCS by using Schmidt rebound hammer is 39MPa. 
r can be obtained directly from shear tests. Fig. 3.22 shows the values of r for three 
specimens. 
As shown in Fig. 3.23, the experimental results agree well with the predicted values 
by Barton’s empirical equation at low normal stresses. Predicted values tend to be 
higher than the experimental results as normal stress increases. These two sets of values 
also differ considerably from J1 to J3, i.e. from low to higher JRC values.  These 
differences show that Barton’ equation may overestimate the shear strength at a 
relatively high normal stress (e.g. 10MPa shown here or higher), and for very rough 
fractures. However, shear strength would be influenced by a number of other factors 
such as shear direction and normal stiffness, a small number of experimental results 
may not give sufficient evidences to prove these points.  
 
2) 2-D fractal dimension with correlation to shear behaviour 
According to the measured data of fracture surfaces, the fractal dimensions D of fracture 
surfaces before and after shearing under both CNL and CNS boundary conditions were 
evaluated. To acquire a fractal dimension, a log-log plot of U(h) vs. log h is drawn, from 
which an equation representing the plots can be obtained and both the fractal dimension 
D and intercept B could be found from this equation. Note that the fractal dimensions 
presented in this study are much larger than those obtained by other investigators but 
approximately close to the values measured by Miller (1990). The reason is considered 
as our calculation is based on the measured data on specimen, whose surface have more 
dramatic undulation than the theoretical curves given by Barton (1973), especially after 
shearing. Furthermore, accuracy of a fractal dimension evaluation method is influenced 
by many factors. Different digitizing instrument, sampling length or evaluation method 
can give different fractal dimensions on the same surface profile. For rock fractures that 
are more like self-affine objects, some of the evaluation methods suitable only for 
self-similar objects (such as box-counting), tend to provide lower fractal dimensions, as 
reported in some early works. Accurate evaluation on fractal dimension requires the 
development of more integrated techniques such as measure equipment and method, and 
the improvement of evaluation method itself. 
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Fig. 3.23 Comparison of shear strength from experiment tests (under CNL condition) 
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The relations between fractal dimension and initial normal stress in both CNL and 
CNS boundary conditions are shown in Fig. 3.24. In a shear process, the surface of 
specimen becomes smoother, and the fractal dimension D trends to decrease. It is also 
shown from some cases that a greater change of D happens due to the increases of initial 
JRC value, initial normal stress and normal stiffness. Similar change can be found in Fig. 
3.25, which shows the relation between basic roughness angle and initial normal stress. 
Basic roughness angle represents the sum of the increments of each nearby two asperity 
heights along a profile divided by the length of the profile. A smoother surface has less 
such increments, thus has a smaller basic roughness angle. More obvious correlations 
can be found in Fig. 3.25 than that in Fig. 3.24, suggesting that if representing the 
smoothening process of rock fracture surface as shearing is emphasized, basic 
roughness angle may be a better parameter for quantifying this change than the fractal 
dimension D that is less sensitive to the smoothening effect by shearing.  
As shown in Fig. 3.24 and Fig. 3.25, not all cases follow the relation mentioned 
above, besides a few cases show completely reverse tendencies. As aforementioned, 
measuring a roughness surface by sectional profiles, even with a large number, is not 
able to quantify the surface as a whole object, which then may produce errors in 
evaluating fractal dimension and other statistical parameters. The larger number of 
sectional profiles are used in an evaluation, the more fractal information can be obtained 
and so as lead to a better solution. Following this argument, 3-D fractal dimension is 
adopted to describe roughness surface of rock fracture in this study. 
 
3) 3-D fractal dimension with correlation to fracture properties 
In nature, rock blocks shearing at fracture surfaces is a generally 3-D phenomenon. 2-D 
fractal dimension, however, only describes a part of surface characteristics, with a few 
sectional profiles. Consequently, using the 2-D fractal dimension to build the prediction 
equation on shear strength, such as Barton’s empirical equation, may neglect a large part 
of geometrical information of natural rock fracture surfaces and, therefore, may not give 
reliable estimation. In view of the fact that there are few literatures presenting shear 
behaviour investigations by application of 3-D fractal dimension, this study attempts to 











Fig. 3.24 Relationship between fractal dimension D and initial normal stress, where 
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Fig. 3.25 Relationship between basic roughness angle and initial normal stress, where 
initial normal stress 0n =0 means before shearing, under CNS boundary condition with 
kn=7GPa/m. 
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Shear tests with the initial normal stresses of 1MPa, 2MPa and 5MPa under CNL, 
CNS (kn=3GPa, kn=7GPa) conditions, 9 cases in total, were carried out on specimen J4. 
Generally, surfaces of specimens turn to become smoother after shearing, and this 
change can be quantified by changes in the 3-D fractal dimension Ds. As shown in Fig. 
3.26, Ds declines with larger initial normal stress and normal stiffness. These plots 
present a stronger relation between boundary conditions and Ds in shearing than that 
exhibited by the 2-D fractal dimension D, therefore Ds could be a better parameter to be 
used in correlation to the shear behaviour of natural rock fractures. 
We measured 5 sectional profiles on J4 and obtained a mean JRC value of 1.5 by 
using the equation developed by Tse and Cruden (1979). By using Barton’ empirical 
equation, the predicted shear strength values were calculated and compared with the 
experiment data as shown in Fig. 3.27. Predicted values show reasonably good 
consistency with the measurements, improving the capability of Barton’s equation to the 
prediction of natural rock fractures. It should be noticed that the surface of specimen J4 
is very smooth and the inclination of fracture was also negligible. As discussed in the 
previous section, Barton’s equation may overestimate shear strength at a relatively high 
normal stress and caution is still needed for applications with rock fractures of more 
complex surface geometries. 
 
4) Surface damage 
Coupled hydro-mechanical behaviour of fractured rocks is extensively discussed in 
recent years. Generally, when a fracture undergoes shear displacement, the fracture will 
dilate and the hydraulic transmissivity will increase. Surface damage accumulated 
during a shearing process, will change the shapes of the upper and lower fracture 
surfaces and produce gouge materials, therefore plays an important role in fluid flow 
through fractured rocks. To a real fracture, it is quite possible that the surface damage is 
associated with several fracture modes under a specific loading environment. The 
observed surface phenomenon tells, in fact, only part of the story of the damage process 
(Xie et al., 1997). In practice, it is hardly possible to establish failure modes for every 
asperity that may contribute to shear strength on fracture surfaces in a process of shear 
testing and, depending on these identified modes, to characterize surface changes. 
Numerical simulation would be more helpful in re-producing the shear process and 
finding out information on surface damage in detail. However, how to build a numerical 
model with natural surfaces of fractures in 3-D and how to choose suitable damage 
modes remain challenging problems. 
 



























Fig. 3.26 Relationship between fractal dimension Ds and initial normal stress under 


























Fig. 3.27 Comparison of shear strength of specimen J4 from experiment tests (under 
CNL condition) and predicted with Barton’s empirical equation. 
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In a process of shear, some asperities are crushed or worn-off into small sizes. These 
gouge particles may block the water flow in a fracture and consequently decrease the 
hydraulic transmissivity. However, direct estimation on the effect of gouge on hydraulic 
behaviour of fracture is very difficult. In this study, we measured the weight of the 
generated gouge materials during different shear cases and the results are shown in Fig. 
3.28. The term of Wg/Wi in Fig. 3.28 is the ratio of gouge weight to specimen weight. 
Generally, fractures with rougher surface and under a larger normal stress will produce 
more gouges. The relation proposed in the figure can be used as a parameter for 






















Fig. 3.28 Generated gouge weight vs. initial normal stresses under CNS condition 


























































4.1 Behaviour of rock fracture in coupled shear-flow test  
 
4.1.1 Constitute law of fluid flow through a single rock fracture 
 
For a single fracture, fluid flow is governed by the Navier-Stokes equations, which in 













                     (4.1) 
 
where u = (ux, uy, uz) is the velocity vector, F is the body-force vector per unit mass,  is 
the fluid density,  is the fluid viscosity, and p is the pressure. The Navier-Stokes 
equations embody the principle of conservation of linear momentum, along with a linear 
constitutive relation that relates the stress tensor to the rate of deformation. The first 
term on the left of Eq. (4.1) represents the acceleration of a fluid particle, because, at a 
fixed point in space, the velocity may change with time. The second term, the 
‘advective acceleration’, represents the acceleration that a particle may have, even in a 
steady-state flow field, by virtue of moving to a location at which there is a different 
velocity. The forcing terms on the right side represent the applied body force, the 
pressure gradient, and the viscous forces. 
In the steady state, the Navier-Stokes equations then reduce to 
 
pu  )(2 uu                           (4.2) 
 
Eq. (4.2) represents three equations for the four unknowns: the three velocity 
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components and the pressure. An additional equation to close the system is provided by 
the principle of conservation of mass, which for an incompressible fluid is equivalent to 
















 uudiv                       (4.3) 
 
The compressibility of water is roughly 5×10−10/ Pa (Batchelor, 1967, p. 595), so a 
pressure change of 10MPa would alter the density by only 0.5%; the assumption of 
incompressibility is therefore reasonable. The set of four coupled partial differential Eqs. 
(4.2) and (4.3) must be augmented by the no-slip boundary conditions, which state that 
at the interface between a solid and a fluid the velocity of the fluid must equal that of 
the solid. This implies that at the fracture walls not only must the normal component of 
the fluid velocity be zero but also that the tangential component must vanish. 
The simplest conceptual model of a fracture, for hydrological purposes, is that of two 
smooth, parallel walls separated by a uniform aperture, h. For this geometry, the 
Navier-Stokes equations can be solved exactly, to yield a velocity profile that is 
parabolic between the two walls. If the x-axis is aligned with the pressure gradient, the 
y-axis taken perpendicular to the pressure gradient within the plane of the fracture, and 
the z-axis taken normal to the fracture plane, with the fracture walls located at z =±h/2, 
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where w is the depth of the fracture in the y direction, normal to the pressure gradient. 
The term T = wh3/12 is known as the fracture transmissivity. As the transmissivity is 
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proportional to the cube of the aperture, this result is known as the cubic law. 
The result T = wh3/12, which is exact only for smooth-wall fractures of uniform 
aperture, must be modified to account for roughness and asperity contacts. To do this 
rigorously requires solution of the Navier-Stokes equations for more realistic 
geometries. However, in general, the presence of the advective acceleration term (u・
∇)u renders the Navier-Stokes nonlinear and consequently very difficult to solve. An 
exact solution is obtainable for flow between smooth parallel plates only because the 
nonlinear term vanishes identically in this case: the velocity is in the x direction and is 
thus orthogonal to the velocity gradient, which is in the z direction. In principle, the 
Navier-Stokes equations could be solved numerically for realistic fracture geometries, 
but computational difficulties have as yet not allowed this to be achieved. Consequently, 
the Navier-Stokes equations are usually reduced to more tractable equations, such as the 
Stokes or Reynolds equations. 
The Stokes equations (4.6) derive from the Navier-Stokes equations by neglect of the 
advective acceleration terms, which is justified if these terms are small compared with 
the viscous terms. 
 
pu  2                 (4.6) 
 
The Stokes equation has been solved numerically for rough fracture profiles and the 
validity of the simplification was examined by Brown et al. (1995), Mourzenko et al. 
(1995) and Brush and Thomson (2003). However, the use of Stokes equation for solving 
fluid flow problem in rock fractures is not common due mainly to its mathematical 
complexity. 
Using the assumption that the velocity profile is parabolic at every location (x, y) in 
the fracture plane, and in the conditions that the Reynolds number is very small and 















               (4.7) 
 
This aperture-averaged model has been widely used for both fluid flow and solute 
transport simulations in rock fractures. In this thesis, cubic law was used to evaluate the 
transmissivity of rock fracture in coupled shear-flow tests and Reynolds equation was 
used in flow simulations. 
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4.1.2 Review of coupled shear-flow tests 
 
Normal stress-fluid flow tests on rock fractures have been conducted extensively since 
the 1970s which have been well summarized and discussed by Koyama (2007). Since 
the shear process on a rock fracture could induce transimissivity (or aperture) changes 
that are usually with much larger magnitude than that produced by normal loadings, in 
this thesis, only the experimental studies that conducted coupled shear-flow tests will be 
presented as reviews and the tests carried out in this study will be depicted in detail in 
the following sections.  
Since 1980’s, a large number of coupled shear-flow tests under constant normal 
stresses (CNL condition) have been carried out and reported (Teufel, 1987; Gale et al., 
1990; Makurat et al., 1990a, 1990b; Piggott and Elsworth, 1990; Esaki et al., 1991, 
1995a, 1995b, 1999; Olsson, 1992; Boulon et al., 1993; Olsson and Brown, 1993a, 
1993b; Ahola, 1995; Boulon, 1995; Ahola et al., 1996; Yeo et al., 1996, 1998; Gentier et 
al., 1997, 1998; Cheon et al., 1999, 2002; Mitani et al., 1999a, 2000, 2001, 2002a, 
2002b, 2003; Chen et al., 2000; Gutierrez et al., 2000; Lee et al., 2001; Lee and Cho, 
2002). Coupled shear-flow tests under constant normal displacement/constant volume 
(CV) condition (Mitani et al. 1999b) and constant normal stiffness (CNS) conditions 
have also been reported recently (Olsson, 1998; Olsson and Lindblom, 1999; Olsson 
and Barton, 2001; Jiang et al., 2004a, 2004b; Saito et al., 2005; Li et al., 2006, 2007).   
The fluid flow can be either linear (along one axis of the sample) or radial (flow from 
the center) during a shear-flow test under a constant hydraulic head/pressure with both 
normal and shear stresses. The unidirectional fluid flow in the direction parallel with the 
shear direction is the most applied test condition in most cases, in which the flow in the 
perpendicular direction cannot be considered due to the fluid sealing difficulties (Gale, 
1990; Yeo et al., 1998). The anisotropy of flow was investigated by Gentier et al. (1996, 
1997, 1998), Mitani et al. (2002a, 2002b) and Hans and Boulon (2003) using their 
coupled translational shear and radial flow testing systems, respectively. In most cases 
translational shear displacement was applied instead of rotary/tortional shear 
displacement (Olsson, 1992; Olsson and Brown, 1993a, 1993b; Cheon et al., 1999, 
2002; Jeong et al., 2006) and in some cases cyclic shear loading condition (forward and 
backward shearing) was considered (Lee and Cho, 2002).  
Koyama (2007) summarized these couple shear-flow tests in several tables, of which 
the tests using rectangular specimen is presented in Table 4.1. The experimental study in 
this thesis is referred to type NSR2 in this table, and the numerical simulations are also 
based on this model.  
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Yeo et al. (1998) reported the results of experiments using radial and unidirectional flow 
in a single rough aperture. These flow tests were performed at shear displacements of 0, 
1 and 2mm, using the apparatus allowing water head measurements at several 
monitoring holes in the upper half of rock fracture specimen as demonstrated in Fig. 4.1. 
The shear process of fracture was accomplished by firstly applying shear displacement 
to the shear box, then placing the upper half of fracture upon the lower half. This 
arrangement permitted shear displacement to be obtained without causing damage to the 
two displaced surfaces, however, it could also bring unrealistic dilation behaviours to 
the fracture since it was not really sheared. Silcoset cast was used to measure the 
aperture, and the mean aperture showed very good agreement with that measured using 
the microscope. The flow test results showed that with increasing shear displacement, 
the fracture became heterogeneous and anisotropic and became more permeable in the 
direction perpendicular to the shear displacement than in the direction parallel to the 
displacement. Comparison of numerical simulations using Reynolds equation and test 
results showed that the measured hydraulic apertures were generally about 20% lower 
than numerical predictions.  
Esaki et al. (1999) developed a laboratory technique for coupled shear-flow tests to 
investigate the couple effect of joint shear deformation and dilatancy on hydraulic 
conductivity of rock joints. The schematic diagram of this apparatus is shown in Fig. 4.2. 
The test apparatus consists of four units: a direct shear loading unit, a control and data 
acquisition unit, a hydraulic conductivity testing unit and an artificial joint creating unit. 
The apparatus has the following characteristics: (1) an artificial, stationary joint can be 
created from an intact rock specimen; (2) shear loads can be exerted on the joint surface 
evenly and measured accurately; (3) large shear displacement can be applied beyond 
residual shear stresses; (4) a constant normal load can be applied on the joint surface 
and normal displacement can be measured accurately during shear-flow tests, and (5) 
hydraulic tests can be conducted by supplying a constant water head to the joint during 
normal and shear processes, with continuous measurements of hydraulic conductivity of 
the joints. 
Details about the core part: the hydraulic conductivity testing unit, are shown in Fig. 
4.3. In this unit, the lower shear box has an injection hole (diameter 8mm) in the center 
of the joint specimen for the hydraulic experiment. Water under constant head flows 
through the central hole of the sample into the joint surface radially, until it flows out of 
a water tank which keeps the water level of the joint at 5mm over the mean shear plane. 
The pressure of the hydraulic test is adjusted by regulating the height of outlet water 
tank in which water can be injected automatically. For the measurement of flow rate, an 
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electric balance (precision 10mg, maximum weighting 3100g) is connected to a 
computer and the average flow rate is displayed immediately on a screen. 
Artificial granite joint sample was used for coupled shear-flow tests under constant 
normal loads up to residual shear displacement of 20mm. Test results as shown in Fig. 
4.4 revealed that the hydraulic conductivity increases rapidly, by about 1.2-1.6 orders of 
magnitude for the first 5mms of shear displacement. After reaching the residual shear 
stress, the hydraulic conductivity becomes gradually a constant value with increasing 
shear displacement. The hydraulic conductivity after shearing is about one order of 
magnitude larger than that prior to shearing. Shear-flow coupling characteristics 
obtained from these tests have a consistent trend with the prediction by Barton’s model 
during the initial shear process. However, increasing deviation between measured and 
predicted hydraulic conductivity of rock joint samples has been observed with 
increasing shear displacement.  
Olsson and Barton (2001) carried out hydromechanical direct shear tests by using the 
shear equipment at Lulea University of Technology, Sweden. Their tests provided 
reliable results which were fitted with the mathematical relation for the coupling 
between mechanical aperture and hydraulic aperture.  
In their study, the direct shear experiments were performed with servo-hydraulic 
equipment. In principle, the equipment is a shear box assembled inside a very stiff steel 
frame (see Fig. 4.5a). The normal and shear loads were applied by one, respectively, two 
hydraulic actuators equipped with servo-valves. The normal load is transferred via a 
spherical and a hydrostatic bearing. This insures that the upper sample holder can move 
during shearing, with a minimum friction and bending movement. Illustration of the 
water flow arrangements is shown in Fig. 4.5b. Constant water pressure was obtained 
by pumping water to the upper vessel (3). The upper vessel was connected to the water 
inlet of the lower half of the specimen. Mostly, the water had been stored for around 1–2 
days in an open container (1). After passing the joint, the water was weighed (5) for 
calculation of the water flow rate. The weight was recorded every second by use of two 
load cells (6). 
They proposed an improved empirical engineering model for the coupling between 








e        sps uu 75.0            (4.8a) 
 








Fig. 4.1 Schematic view of the Shear-flow coupling test apparatus. (a) Section view, (b) 






























Fig. 4.4 Transmissivity of a granitic joint as a function of shear displacement under a 
normal stress of (a) 1MPa and (b) 10MPa (Esaki et al., 1999). 
 







Fig. 4.5 (a) Schematic block diagram for the shear control system, (b) principle 
illustration of the set-up for hydromechanical direct shear tests. (1) Stored water, (2) 
pump, (3) upper vessel, (4) joint specimen with an all-round rubber seal, (5) vessels for 
measuring of used water, (6) load cells, (7) A/D transducer and (8) 486 PC.  
(b) 
(a) 




2/1     sps uu                    (4.8b) 
 
where e is hydraulic aperture and E is mechanical aperture. This model was proposed 
based on hydromechanical tests on granite rock joints, therefore, they indicated that 
caution should be taken when applying this model to other rock types.   
  Lee and Cho (2001) conducted coupled shear-flow tests on Hwangdeung granite and 
Yeosan marble in Korea with shear displacement up to 15mm. Their results indicated 
the threshold value of permeability at shear displacement of 7 to 8mm, beyond which 
permeability kept almost constant values. Cyclic shear loading tests were also carried 
out in their study and the results showed (see Fig. 4.6) that the permeability did not 
return to the initial value at zero shear displacement after the backward shear due to the 
irrecoverable dilations. Some fluctuations in permeability were observed during the 
second shear loading cycle due to the combined effects of asperity degradation and 
production of gouge materials. The nonlinear relations between mechanical aperture and 
hydraulic aperture were pronounced as the mechanical aperture became smaller under 
higher normal stress.  
Saito et al. (2004) developed a coupled shear-flow testing device with solute transport 
as shown in Fig. 4.7. This device has a special feature in that the shear box is of the 
detachable ‘cassette type’. Therefore, the shear box can be replaced to suit a specific 
purpose, and the specimen can be prepared at a separate location in advance and then 
installed in the shearing device before testing. The permeation function was achieved by 
incorporating a cutoff mechanism in the detachable cassette-type shear box and 
connecting the box shear test machine with an upstream tank, a constant head 
downstream tank and a falling head downstream burette (see Fig. 4.7). With this 
configuration, directional flows were created inside the fractures under normal and 
shear stresses.  
Their test results (see Fig. 4.8) revealed the possibility the cubic law is not applicable 
to fluid flowing through rock fractures in some range of shear process, where the fluid 
flow is affected by the irregular microscopic void structures created by surface 
roughness. The evolution of permeability of a rock fracture during shear is greatly 












Fig. 4.6 Variations of joint permeability with respect to shear displacement during cyclic 








































Fig. 4.7 (a) Schematic view of the shear box, and (b) outline of flow and solute 





②:Upstream tank  
③:Downstream tank 
④:Differential manometer 
⑤:Flow meter (large) 
⑥:Flow meter (small) 
⑦:Differential manometer (flow/constant head) 
⑧:Tracer tank  
⑨:Upstream tank (falling head) 
⑩:Downstream end burette (falling head) 
⑪: Differential manometer (flow/falling head) 
⑫: Differential manometer (falling head) 
①:Specimen (lower part) 









   (horizontal) 
⑪:Target (horizontal) 
⑫:Displacement meter (vertical) 
⑬:Target (vertical) 









Fig. 4.8 Relationship between mechanical aperture and permeability coefficient (Saito 




4.2 Development of a new coupled shear-flow-tracer test apparatus 
 
4.2.1 Fundamental hardware configuration  
 
Fluid flows through a rough fracture following connected channels bypassing the 
contact areas with tortuosity. These phenomena cannot be directly observed in ordinary 
laboratory tests without a visualization device. In this study, a laboratory visualization 
system of shear-flow tests under the CNS boundary condition is developed. The outline 
of the fundamental hardware configuration of this apparatus is described in Fig. 4.9. It 
consists of the following five units:  
 
1) A hydraulic-servo actuator unit. This device consists essentially of two loading jacks 
and two sets of linear-guides for applying uniform stresses on the upper and lower 
halves of rock fracture specimens. Both normal and shear forces are applied by 
hydraulic cylinders through a servo-controlled hydraulic pump. The loading capacity is 
100kN in both normal and shear directions. The shear force is applied on the specimen 
holder through two horizontal holding arms. 
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2) An instrument package unit. This system contains two digital load cells for measuring 
shear and normal loads. Displacements are measured through several LVDTs (linear 
variation displacement transducers), in which the one for measuring shear displacement 
is attached between load cells and load jacks and other ones for measuring normal 
displacement are set between the upper and lower halves of the specimen.  
 
3) A mounting shear plate unit. This unit consists of a lower and an upper plate. The 
upper plate connects to a slide guide that can only move in the horizontal direction. It 
ensures the minimum friction and bending movement when the upper shear box moves 
during shearing. The lower plate connects to another slide guide who can only move in 
the vertical direction and the specimen holder is set between these two plates.  
 
4) A water supplying, sealing and measurement unit. Constant water pressure is 
obtained from an air compressor connecting to a water vessel. The water pressure is 
controlled with a regulator ranging from 0 to 1 MPa. The two sides of specimen parallel 
to the shear direction are sealed with gel sheets, which are very flexible with perfect 
sealing effect and minimum effect to the mechanical behaviour of the shear testing. The 
weight of water flowing out of the fracture is measured by an electrical balance in real 
time.  
 
5) A visualization unit. When acrylic transparent replicas of rock fractures with natural 
surface features are used as the upper halve of a fracture specimen in tests, the images 
of the fluid flow in the fractures can be captured by a CCD camera placed above the 
upper halve of specimen through an observation window on the upper shear plate. Dyed 
water can be used to enhance the visibility of the flow paths.  
 
The basic hardware to implement CNS boundary conditions and the digital serve and 
control systems are based on the direct shear test apparatus as described in 3.2.1. The 
CNS boundary condition is reproduced by a closed-loop in the system control software, 
with electrical and hydraulic servo-controls. A nonlinear feedback of control and 
measurement are carried out on a PC window through a multifunction analog-to-digital, 
digital-to-analog and digital input/output (A/D, D/A and DIO) board. Collected test data 
include the normal and shear forces, corresponding displacements and the strokes of the 
vertical and horizontal loading cylinders. The digital control program was designed by 
using the LabVIEW programming language (Jiang et al., 2004c).  
 





Fig. 4.9 Schematic view of the coupled shear-flow test apparatus. (a) Normal and shear 


























①: Specimen (lower part) 
②: Specimen (upper part) 
③: Gel sheet 
④: Shear load jack 
⑤: Shear load cell 
⑥: Normal load jack 
⑦: Normal load cell 
⑧: LVDT (shear) 
⑨: LVDT (normal) 
⑩: Normal load plate  
⑪: Shear load plate 
⑫: Window for visualization  
(a) 
(b) 
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4.2.2 Application of visualization technique 
 
A close view of the visualization unit is shown in Fig. 4.10. One significant change has 
been made on the loading unit to facilitate the visualization function. As can be seen in 
the figure, the normal loading is applied upwards from the bottom of lower shear box 
and one observation hole was opened on the plate of upper shear box so that the CCD 
camera placed above can directly capture the flow images in the rock fracture. In tracer 
test, utilizations of transparent acrylic specimen and dyed water provide high-quality 
flow images that can be used in image processing to digitize the flow characteristics.  
In a flow image, the chroma of the dye color changes with the thickness of dyed 
water point by point. In order to find out the relationship between the chroma of flow 
images and the aperture (thickness of dyed water and also of void spaces), a few prior 
flow tests were conducted on two parallel plate specimens with inclined opening widths 
as demonstrated in Fig. 4.11. In these tests, the aperture between the upper acrylic 
specimen and the lower plaster specimen increases linearly from 0 to some specific 
values (i.e. 1mm, 2mm). Then, normal water and dyed water were injected into the 
fracture respectively until filling all the void spaces. The flow images of normal water 
and dyed water were captured by CCD camera and analyzed by image processing 
software. Herein, each image is divided into 1024×1024 elements and the chroma value 
of each element was calculated. The difference of the chroma values obtained from 
normal water flow and dye flow is the increment of chroma at each element induced by 
the dye. Therefore, by taking the difference of normal water flow image and dye flow 
image, the background of fracture surface and the reflection on the surface of acrylic 
specimen can be eliminated, remaining only the chroma increment introduced by dye at 
each element. One test result of the relationship of chroma and aperture evaluated from 
flow images is shown in Fig. 4.12, which can be represented by a mathematical 
equation as follows: 
 
2062.10318.0 Cev                           (4.9) 
 
where ev is the aperture evaluated by flow images, C is chroma of dye. 
By changing the maximum aperture (open width at right side in Fig. 4.11) in the tests, 
coincident curves have been acquired and the validity of the parameters in Eq. (4.9) has 
been clarified. Using this equation, the mechanical aperture can be evaluated at each 
element by image processing in shear-flow processes. 
 







Fig. 4.10 Modified shear box for coupled shear-flow-tracer test. (a) Schematic view of 
the visualization process during coupled shear-flow tests, (b) sample set of transparent 










Fig. 4.11 Demonstration of the cuneal aperture used for assessing the relation of 





























Fig. 4.12 Relation between the aperture ev in a fracture and chroma value C. 









4.3 Fracture sample preparation 
 
A series of fracture samples with different surface characteristics were used in coupled 
shear-flow and shear-flow-tracer tests, respectively. 
Three rock fracture specimens, labeled as J1, J2 and J3 (Figs. 4.13 (a), (b), (c)), were 
taken from the construction site of Omaru power plant in Miyazaki prefecture in Japan 
(Jiang et al., 2005; Li et al., 2006), and were used as prototypes to produce artificial 
replicas of rock fractures which were used in the coupled shear-flow tests. Among these 
fracture specimens, J1 is flat with very few major asperities on its surface. The surface 
of J2 is smooth but a major asperity exists at the center, and a few other large asperities 
on other locations. J3 is very rough with no major asperities but plenty of small ones. 
The specimens (replicas) are 100mm in width, 200mm in length and 100mm in height, 
and were made of mixtures of plaster, water and retardant with weight ratios of 1: 0.2: 
0.005. The mechanical properties of these rock-like specimens are shown in Table 4.2. 
The surfaces of the natural rock fractures were firstly re-cast by using the resin material, 
then the two halves of a specimen were manufactured based on the resin replica. The 
geometrical models constituted from the scanning data of the rock replicas re-cast from 
the same resin model are well matched even to the small asperities in a scale of 0.2mm. 

















Physico-mechanical properties Index Unit Value 
Density ρ g/cm3 2.066 
Compressive strength σc MPa 38.5 
Modulus of elasticity Es MPa 28700 
Poisson’s ratio ν - 0.23 
Tensile strength σt MPa 2.5 
Cohesion c MPa 5.3 
Internal friction angle  ° 60 






















Fig. 4.13 3-D models of surface topographies of specimens J1-J5 based on the measured 
topographical data. It should be noted that the size of mesh used in this figure is 2mm 




Brazilian test was applied on sandstone and granite blocks to generate fresh artificial 
fractures as shown in Fig. 4.14. During the test, normal load was firstly applied to some 
appropriate values like 10KN (induce no destruction to the block), and then lateral loads 
were applied through the wedges. The magnitude of the lateral loads needs several 
attempts for different kinds of rocks to ensure successful generation of fracture. 
Keeping the lateral loads unchanged, the normal load then was gradually decreased until 
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shown in Figs. 4.13 (d), (e). The two opposing surfaces of the tensile rock fracture were 
firstly re-cast by using silicon rubber separately and then the upper and lower halves of 
a fracture specimen were manufactured based on the silicon rubber, respectively. The 
transparent upper part of the fracture specimen was made of acrylic and the lower part 
was plaster sample. The process to manufacture the transparent sample is demonstrated 
in Fig. 4.15. The air bubbles in the liquid acrylic material were carefully eliminated 
during the manufacture, so that the production of sample is of high transparency. The 
curing time of the transparent specimen was carefully chosen to ensure its uniaxial 
compressive strength is close to the lower plaster specimen. By doing so, the artificial 
fracture using acrylic-plaster pair exhibits reasonably close mechanical behaviour with 
the normal plaster-plaster pair. The two halves of fracture specimens J4 and J5 are not 
perfectly mated as the initial condition due to the sample damage observed during 
creating tensile fractures by Brazilian test and unavoidable relocation errors before 
testing.  
The surface topographical data of these samples were measured by using the laser 
scanning profilometer system as described in Section 3.3.2 and were used to estimate 


















Fig. 4.15 Manufacturing process of transparent sample prepared for the coupled 
shear-flow-tracer tests. 
Vacuum pressure 
(1) Setting tensile rock 
sample as prototype 
(2) Manufacturing silicon sample. 
Deaeration by slight shaking. 
(3) Setting silicon sample  
Liquid acrylite 
(4) Preparing liquid acrylic material.  
Deaeration by putting the vessel in an 
airproof container and applying 
vacuum pressure.  
(5) Injecting liquid acrylite 
into the mold to cast the 
surface of silicon sample.  
(6) Covering an acrylic cube on 
the liquid acrylite to accomplish 
a transparent sample. 
Acrylic 
cube block
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4.4 Experimental procedure of coupled shear-flow-tracer test 
 
The boundary conditions (normal stress/normal stiffness) applied in the tests are 
summarized in Table 4.3. In all of the tests, the flow direction is parallel to the shear 
direction and the cubic law was used to evaluate the transmissivities based on the 
measured flow rates. A water head of 0.1m was applied as a basic pattern during the 
tests. When a shear goes on, dilation of fracture takes place, remarkably increasing the 
flow rate as well as Reynolds numbers. To avoid the appearance of turbulent flow, the 
water head applied to fracture needs to decrease gradually in a shear process. Therefore, 
3 patterns of water head were applied at each measurement, with water head 0.1m 
unchanged and the other two patterns decreasing gradually with shear displacement. 
The water head was applied at an interval of 1mm during the shear process. When the 
water head was applied, the shear was temporarily stopped until the measurement of 
water volume flowing out of fracture was finished. The weight of water was measured 
by means of an electrical balance at an interval of 1 second up to 50 seconds to get the 
mean value in the steady stage of flow. The total shear displacements for J1, J2 and J3 is 
18mm and for J4 and J5 is 15mm, both of which are sufficient to shear the rock 
fractures to the residual stage. 
As a shear goes on, the effective shear length (the length of the upper and lower 
halves of specimen facing to each other) will decrease, thus increasing the hydraulic 
Boundary condition 
Specimen Case No. Roughness (JRC range) Initial normal 
stresses n (MPa) 
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gradient when the water head keeps constant. This effect has been considered in 
calculation of the transmissivity by decreasing the hydraulic gradient corresponding to 
the shear displacement.  
 
 
4.5 Evolution of aperture during coupled shear-flow tests 
 
The changes of aperture distributions corresponding to the coupled shear-flow tests 
were simulated based on the measured topographical data. Mechanical apertures can be 
assessed using the following equation (Esaki et al., 1999): 
 
snm EEEE  0                          (4.10) 
 
where E0 is the initial mechanical aperture, ΔEn is the change of mechanical aperture by 
normal loading, and ΔEs is the change of mechanical aperture induced by shear. By 
using the normal stress-normal displacement curves, the initial mechanical aperture E0 
under a certain normal stress can be obtained. Under the CNL boundary condition, En 
could be taken as a constant, and Es is the measured normal displacement during 
shearing. For the test under the CNS boundary condition, the normal stress changes with 
the normal displacement, therefore, En itself should be revised due to the 
corresponding normal stress during shearing and Es is also the measured normal 
displacement. 
Cyclic normal loading-unloading tests were firstly carried out before coupled 
shear-flow tests to obtain the maximum possible closures, based on which the 
mechanical apertures of fractures under a normal stress was calculated, using the data 
from the fourth cycle. By doing so, the normal stress-normal displacement curves could 
be obtained. Applying the hyperbolic function proposed by Bandis et al. (1983), for 






                          (4.11) 
 
where  and  are parameters deduced from the hyperbolic curve, v is the normal 
displacement in experiment,  is the normal stress and m is the maximum possible 
closure of the fracture specimen.  
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The initial mechanical aperture E0 is decided by the following equation: 
 
im vE  0                           (4.12) 
 
where vi is the normal displacement corresponding to the initial normal load.  
Cyclic loading tests have been carried out on the specimen with a fracture and the 
specimen with the same dimension and property but without fracture to determine their 
loading-deformation behaviours respectively. The difference of these two 
loading-displacement curves is the real deformation produced by the fracture. By doing 
so, the change of aperture width under different loadings could be evaluated by using 
Eqs. (4.11) and (4.12) in the shear tests. 
In the present study, the surfaces of fracture specimen were scanned with an interval 
of 0.2mm in x and y-axes, and the mechanical aperture under the CNL boundary 
condition at any point (i, j), where i is parallel to the shear direction and j is 
















             (4.13) 
 
where V(u) is the normal displacement (dilation) at a shear displacement of u intervals, 
i+u indicates the point number of the upper surface that directly mates with the current 
point i at the lower surface. ZU and ZL represent the heights of the upper and lower 
surfaces of the fracture specimen at any points from the lowest point of the lower 
surface, respectively.  
Eq. (4.13) is valid when the following conditions could be satisfied: (1) normal 
displacement totally contributes to the dilation of the mechanical aperture, (2) the 
deformation or damage of asperities could be neglected, (3) gouge materials developed 
during shearing have negligible influence on the fluid flow. Obviously, these conditions 
cannot be generally satisfied and the method used here therefore is a simplified one. For 
a parallel-plates model, dilation could be considered to contribute totally to the increase 
of the mechanical aperture. For a rough fracture, however, the contact, deformation and 
destruction of asperities would make structures of a fracture more complicated. Caution 
should be paid when using Eq. (4.13) to evaluate the mechanical aperture during 
shearing since it is only a geometrical model. 
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4.6 Preparation of tests on parallel-plates model 
 
A rock fracture contains asperities where the two surfaces of the fracture are in contact. 
Surrounding these asperities in contacts are the open regions defining the aperture h that 
may vary from point to point. The parallel-plates model following a cubic law for fluid 
flow is commonly adopted for fluid conductivities of rock fractures. This model, 
however, may or may not be universally valid under any conditions and its properties 
depend much on the distribution of the contact areas and hydraulic gradients. To 
evaluate the effects of contacts on the fluid flow through a fracture, in this study, a 
simple artificial parallel-plates model was used in hydraulic tests by changing the 
arrangement and ratio of contact areas. The model was constituted by two cuboid 
acrylic resin blocks with high modulus of elasticity so that a fracture with uniformly 
shaped and regularly distributed asperities on the fracture walls could be created to 
simplify the testing and analysis.  
Assuming that contact spots on fracture surfaces are formed by asperities of circular 
cross-sections and defining a contact ratio c representing the ratio of total area of 
contact spots over the apparent area of the fracture surface, we found, from a similar 
previous study (Jiang et al., 2006), that the value of c of rock fractures is usually less 
than 0.3. A value of c equal to 0.25 was reported by Witherspoon et al. (1980). For a 
sensitivity analysis, we tested three sets of artificial fracture specimens with contact 
ratio c equal to 0.15, 0.2 and 0.25, respectively, and each set has three geometrical 
arrangement patterns of contact spots. A parallel-plates model with c= 0.3 was tested 
with only one geometrical arrangement pattern, as a supplement.  
A kind of circular hard plastic shell was used to simulate asperities of circular shapes 
with known stiffness, heights and areas of cross sections as contacts. Its heights and 
modulus of elasticity were carefully measured so that the heights of contacts 
representing the mechanical aperture can be determined precisely under any known 
normal stress. We tested the artificial fracture specimens with apertures of 0.07mm, 
0.14mm, 0.21mm, 0.28mm and 0.35mm for each geometrical arrangement of contact 
spots with hydraulic gradients of 0.5, 2.5, 5 and 10 (0.0001-0.002MPa in hydraulic 
pressure), respectively. The flow rates of each test case were measured and their 





Coupled Shear Flow and Deformation Behaviour of Fractured Rock Mass 
 
 112
4.7 Experimental results 
 
4.7.1 Effect of contact area on fluid flow through a fracture 
 
The measured transmissivity values corresponding to specimens of contact ratios 0.15, 
0.2 and 0.25 with different geometrical arrangement patterns of contact spots are shown 
in Fig. 4.16. The measured values do not strictly follow the theoretical curve of the 
cubic law which assumes the parallel-plates without any contact spots, and the 
difference increases with increasing values of aperture. The impact of the different 
geometrical patterns of contact spots is, on the other hand, not so significant for the 
specimens used in our study when the overall contact ratio is kept the same. Comparing 
the differences in transmissivities of the specimens with different contact ratios, it 
shows that the larger the value of c is, the larger the discrepancies between the measured 
data and the theoretical curve of the cubic law.  
Evaluation of the effect of contact area on the permeability of rock fractures has been 
reported in literatures by numerical simulations or experiments (Zimmerman et al., 1992, 
Walsh, 1981). Walsh (1981) proposed that for potential flow around a single circular 
obstruction, the following equation describing relations between hydraulic aperture and 










3                            (4.14) 
 
where hH
3 is the hydraulic conductance with aperture hH, and h0 is the effective aperture, 
respectively. This expression was validated numerically by Zimmerman (1992) for 
contact ratio (circular asperity contact spot concentrations) up to 0.25. By using the 
effective medium theory, another form of the prediction was proposed by Zimmerman 
and Bodvarsson (1996) 
 
)21(30
3 chhH                           (4.15) 
 
For the experiments using plastic contact simulators as presented above in this study, 
the hydraulic conductance hH
3 versus the cube of effective hydraulic aperture h0
3 for 
contact ratio 0.15 is illustrated in Fig. 4.17. Herein, the effective hydraulic aperture is 
the width of aperture in the opening area, distinguishing with the mechanical aperture 
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hM or h , which is the mean distance between two opposite surfaces of a fracture. The 
fluid flow is assumed to be governed by the cubic law. The hydraulic conductance is 
supposed to be constant at any hydraulic gradient when flow is laminar and steady. 
However, at h0
3=42.9×10-12m3 in this figure, the hydraulic conductance drops its value 
with higher hydraulic gradient of 10. The flow rate is large and turbulent flow may have 
been developed and caused reduction of the hydraulic conductance. The results in Fig. 
4.17 were calculated based on the lowest or the mean of the lowest two hydraulic 
gradients, in the condition of which, the fluid flow is thought to be steady and laminar. 
Decrease of conductance is one of the consequences of possible turbulent flow. The 
occurrence of turbulent flow needs to be confirmed by direct observation that will be 
reported later in a continued study.   
The two equations (4.14) and (4.15) agree with each other at low concentrations of 
circular asperity contacts. Although they have been examined by numerical analysis, 
their validities still need to be confirmed by hydraulic tests. We compared the 
experimental results to the predicted values by using these two equations as shown in 
Fig. 4.18. The experimental data are located between the curves of these two equations, 
and fit more closely to Eq. (4.15). On the other hand, it should be noted that the 
accuracy of measurement is subjective to many factors for hydraulic testing of fracture 
specimens with apertures less than 1mm. An error of 0.1mm of h0 could bring 
remarkable deviation from prediction values. Nevertheless, the experimental results 
proved that the tortuosity factor 1-c (1<<=2) used in these two equations could give 
reasonable prediction to the effect of circular contact areas on the transmissivity of fluid 
flow through a fracture. The decreased ratio of transmissivity due to the contact areas is 
generally greater than the ratio of contact areas itself. Therefore, herein  is an 
enlargement parameter (larger than 1) to sufficiently quantify the effect of contact areas.  
The total perimeter of contact spots is another factor affecting the transmissivity. We 
compared the hydraulic test results from two patterns of contact spots with the same 
contact ratio but different perimeters, and found that the pattern with smaller perimeter 
has higher transmissivity. Due to the ‘no-slip’ conditions, the velocity vector of fluid 
must equal to zero at any boundaries of contact spots on a fracture surface, and the total 
perimeter of contacts could be used to quantify such boundaries. The longer the 
perimeter is, the larger ‘friction effect’ the solids would bring to the fluid, thus 
decreasing the transmissivity. Only circular contact spot patterns were tested in this 
study, the real contact areas in a natural rock fracture, however, has different shapes, 
which obviously has significant effect on the transmissivity and will be examined in the 
future studies. 




































Fig. 4.16 Transmissivities for three kinds of parallel-plates models with different 
contact ratios. The distribution patterns at right part of the figure follow the order of 
pattern 1, pattern 2 and pattern 3, respectively, from top to bottom for each contact ratio. 











































































(a) Contact ratio 15% 
(b) Contact ratio 20% 
(c) Contact ratio 25% 































Fig. 4.17 Hydraulic conductance hH
3 versus the cube of effective hydraulic aperture h0
3 






























Fig. 4.18 Tortuosity factor versus contact ratio c. The tortuosity factors for contact ratio 
0.15, 0.2 and 0.25 were taken from the mean values of the three kinds of distributions, 
respectively. Only one pattern of distribution was tested for contact ratio 0.3. 
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4.7.2 Coupled shear-flow tests  
 
The shear behaviours of the tested fracture specimens are illustrated in Fig. 4.19. For a 
fracture, larger shear stresses could be obtained under either higher normal stress or 
higher normal stiffness at the same initial normal stress, depending on the surface 
roughness and stiffness of asperities. Normal displacement is the most important 
behaviour in the coupled shear-flow tests for quantifying the change of transmissivity. 
Normal displacement is usually called dilation because it is primarily an increasing 
process during a shearing. As shown in the figure, for a fracture specimen, the larger 
normal stress or normal stiffness is, the larger magnitude of normal displacement could 
be inhibited. Normal behaviour of a fracture depends also on the roughness of the 
fracture surface. Generally, the rougher the fracture surface is, the larger normal 
displacement could be obtained.  
As shown in Fig. 4.20, the changes of transmissivities exhibit an obvious two-stage 
behaviour. For all test cases, the transmissivities increase gradually in a relatively high 
gradient in the first several millimeters of shear displacement and then continue to 
increase but with a lower gradient gradually reaching to zero. Similar behaviours have 
also been reported by Esaki (1999) and Olsson and Barton (2001) etc. The experimental 
results indicate that a rougher fracture may have higher gradient in the first stage and 
the second stage comes sooner. Under the same stress environment, a rougher fracture 
would produce larger normal displacement during shear so that it could obtain higher 
transmissivities in the second stage. The peak shear stress generally comes earlier than 
the turning point of transmissivity as shown in Fig.4.19 and Fig.4.20, which could be 
explained by the damage process of asperities on the fracture walls during shear as 
described in the next section. The Re numbers increase from almost 0 to as high as 1000 
(depend on the hydraulic gradients) during the shear as the increase of flow rate. To 
avoid the occurrence of turbulent components in the fluid flow, the hydraulic gradients 
were carefully controlled to keep the Re numbers in an empirical range for laminar flow 
on the current test apparatus. The hydraulic gradients used in the shear-flow tests are in 
a range of 0.25-10 and they were decreased during the shear to inhibit the fast increases 
of flow rate and Re number. The maximum Re numbers (obtained from the last few 
minimeters of shear displacement) of the hydraulic data used for calculating the 
transmissivities of J1, J2 and J3 are 229, 240.6 and 225, respectively. Further 
improvement of the test apparatus supporting lower hydraulic gradients to avoid the 
turbulent flow without decreasing the accuracy of measurement is under construction. 
 






Fig. 4.19 Direct shear test results on specimens J1, J2 and J3. The left three figures 
show the shear stress versus shear displacement and the right ones are normal 
displacement versus shear displacement. The test results shown in this figure were 
directly taken from the recording system of test apparatus without any embellishment. 
The wobbles in the figures are due to the interaction and destruction of asperities on the 
upper and lower fracture surfaces during shearing. The rougher a fracture surface is, the 



















































































































































Fig. 4.20 Two-stage behaviour of the change of conductivity during shearing. A minus 
dilation of fracture occurs when a shear starts which causes the decrease of conductivity 
in stage 1. After this, a rapid increase happens till the second stage in which the 























































(a) Conductivity of J1
(b) Conductivity of J2
(c) Conductivity of J3
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Fig.4.21 shows the changes of aperture distributions of testing cases J1-1, J2-1 and 
J3-1 during shearing, respectively. The aperture fields change remarkably when a shear 
starts, i.e. in stage 1. After that, the change trends to become smaller and steady, due to 
the graduate reduction of dilation gradient as shown in Fig.4.19 in stage 2. The contact 
ratio changes reversely to the transmissivity change in a shearing, which represents an 
opposite effect of contact area on the transmissivity. There is a rapid drop of contact 
ratio in stage 1 and then it keeps a small value in stage 2. For a rougher fracture, such 
reduction of contact ratio will be more significant. The peak shear stress occurs when 
the major asperities on the fracture surface lose their resistance to the shear and being 
destructed, while most asperities are undamaged and few gouge materials are generated. 
After that, the remaining asperities are crushed gradually, generating plenty of gouge 
materials and slightly increasing the contact ratio. Therefore, the turning point of 
contact ratio occurs at almost the same time with that of the transmissivity and the effect 
of contact areas on the transmissivity of rock fracture is confirmed, which is also the 
basis of carrying out the study on parallel-plates model in Section 4.7.1. 
The influences of morphological behaviours of rock fractures on the evolution of 
aperture distributions are also reflected in Fig.4.21. The surface of specimen J1 is 
smooth and flat. Therefore, its contact ratio is relatively high and its apertures distribute 
evenly over the fracture specimen. The few large asperities on the two halves of 
specimen J2 tended to climb over each other during shear, which decreased the contact 
ratio significantly and produced a large void space after a section of shear displacement 
(see the third figure in Fig.4.21b). For specimen J3, the widely distributed asperities 
developed a complicated void space geometry, which caused complex structure of 
transmissivity field (Fig.4.21c). 
Zimmerman et al. (1996) revealed that, in general, reasonably accurate predictions of 
conductivity could be made by combining either the perturbation results, Eq. (4.16), or 
the geometric mean, Eq. (4.17), with the tortuosity factor given by Eq. (4.15), written as 
 
]/5.11[






GeffH heeeekkh              (4.17) 
 
where hH is the hydraulic aperture, h is the arithmetic mean value of h, h is the 
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standard deviation of h, keff is the overall effective transmissivity, kG is the geometric 
mean of the transmissivity distribution, and c is the contact ratio, respectively. 
In this study, a series of combinations of different forms of aperture predictors with 
the tortuosity factor (1-2c) were evaluated as follows: 
 
1) Predictor (1): )21(3 ch      
2) Predictor (2): )21(3 ch      
3) Predictor (3): )21(3 chG   
4) Predictor (4): )21](/5.11[ 223 chh h    
 
Results are shown in Fig. 4.22 for the tests on three kinds of fracture specimens under 
the CNL ( n=1MPa) boundary conditions, respectively. Herein, the ‘transmissivity’ is 
not the ordinary T, but the cubic of mechanical aperture with a unit of 10-12 m3. The 
results show that 3h is a more accurate predictor than  3h  for predicting hydraulic 
transmissivity. For the test case of J1-1, the mechanical aperture h  itself agrees well 
with the hydraulic aperture hH as back-calculated using the cubic law. Further 
modifications such as presented by predictor (3) or predictor (4) would underestimate 
the transmissivity. When the roughness of fracture increases, the predictors (3) and (4) 
give closer predictions to the experimental data. For the test case of J3-1, the hydraulic 
aperture is much lower than the mechanical aperture, due to the influence of tortuosity 
produced by the complicated structure of void space and contact area. The tortuosity 
factor (1-2c) plays a significant role when combined with predictor (2) in Fig. 4.22 (a) 
and (b), and with predictor (4) in Fig. 4.22 (c). These predictors behave similarly for the 



















Fig. 4.21 Comparison of the change of mechanical aperture hM, hydraulic aperture hH 
and contact ratio c of specimens J1-1, J2-1 and J3-1 during shearing. The upper three 
figures in figures (a), (b) and (c) show the distributions of mechanical apertures at shear 
offsets of 2mm, 8mm and 16mm, respectively. The white parts in these figures are the 
contact areas. The contact ratios at the initial state (0 shear displacement) for each case 
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Fig. 4.22 Comparisons of various predictors to experiment results for test cases J1-1, 
J2-1 and J3-1. Predictor (3) and (4) are more accurate predictors when a fracture is 
rough enough to effectively produce complicated void geometry.  
Predictor (1): )21(3 ch     Predictor (2): )21(3 ch      
Predictor (3): )21(3 chG      Predictor (4): )21](/5.11[














































































(a) Transmissivity versus shear displacement for J1-1 
(b) Transmissivity versus shear displacement for J2-1 
(c) Transmissivity versus shear displacement for J3-1 
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4.7.3 Coupled shear-flow-tracer tests 
 
Accompanied with the development of the visualization system in the test apparatus, the 
coupled shear-flow-tracer tests applied on J4 and J5 used different photographing 
techniques. Tests on J4 were carried out earlier than J5 and the flow images were taken 
by normal digital camera with 10.1 megapixel resolution. After that, the apparatus was 
furthermore improved when conducting tests on J5 by applications of a high resolution 
CCD camera and its related image processing software so that flow images can be 
digitized to obtain the numerical data of the flow features like aperture distributions and 
flow rates.   
  Fig. 4.23 shows the images of flow fields captured by digital camera during the tests 
at different shear displacements of 1, 5, 10 and 15mm on J4. These pictures can clearly 
show the contact area distributions and their changes during shear. The contact areas 
were localized with decreasing its ratio during shear and the dye flows bypassing the 
contact areas. 
  The relations of mechanical aperture E, hydraulic aperture h and aperture evaluated 
from flow images ev obtained form test results of J5 are shown in Fig. 4.24. 
Comparisons of the flow images (photos), the aperture ev distributions and mechanical 
aperture distributions of the case J5-2 are shown in Fig. 4.25. It should be noted that the 
dimension of image is 180mm×90mm, a little smaller than the dimension of fracture 
surface (200mm×100mm). That means the flow images in the edge portions of fracture 
surface cannot be captured by the CCD camera on the current apparatus. In the edge 
portions, fluid flow channels generally exist, and if they were not taken into account, 
aperture ev obtained from flow images would underestimate the mean aperture of a 
fracture. This shortcoming will be overcome by improving the test apparatus in the 
future studies. As demonstrated in Fig. 4.24, generally, ev has close values with h in all 
cases. The evolution of apertures in a shear process generally exhibits a two-stage 
behaviour (Li et al., 2008a). After minus dilation in the initial stage of shear, the 
mechanical apertures increase constantly with slight decrease of gradient. The hydraulic 
apertures increase in the first 5~7mm to the values 2~3 times of the initial ones, after 
that, the gradients trend to 0. In the first stage of shear when contact areas dominate the 
fracture surface, the mechanical apertures are small and water flows through a fracture 
from many connected small channels as shown in Fig. 4.25 (3mm). As shear advances, 
the dilation of fracture trigger the emergence of more void spaces in a fracture, 
providing abundant channels for water to pass through. At the same time, a few major 
channels begin to emerge (5mm). After entering stage 2 in a shear process, the fluid 
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flows through a fracture bypassing a few major contact areas, concentrating in a few 
major channels (8-15mm). Deviation of mechanical apertures and hydraulic apertures 
begins to develop at shear displacements 3~5mm, increasing up to 2~3 times of 
differences at final shear displacements. Fig. 4.25c employed Eq. (4.9) to assess the 
mechanical aperture distributions during shearing, in which the aperture distribution 
patterns are similar to flow images (a). The dark portion at the right part in figures (c) at 
8 and 15mm of displacements indicate the existence of a large void space. In flow 
images (a), however, contacts appear in the same portion, which was confirmed as water 
bubbles by opening the aperture after test. The existence of water bubbles in the fracture 
could be considered as the main reason that caused the large deviations of mechanical 
aperture and hydraulic aperture especially in stage 2. If the water could fill all the void 
spaces in a fracture, the aperture ev may provide closer value to the mechanical aperture 
since it essentially measures the widths of void spaces occupied by water flow in a 
fracture. Close values of ev and h reveal that in the void spaces where water flows have 
































Fig. 4.24 Relations of mechanical aperture E, hydraulic aperture h and aperture 
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Fig. 4.25 Flow field and aperture evolution during shear process of case J5-2. (a) Flow 
images, (b) aperture obtained by image processing on flow images, (c) mechanical 
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5.1 Numerical simulation methodology 
 
5.1.1 Flow simulations 
 
Assuming the following geometric and kinematic conditions: (1) the fractures consists 
of two smooth parallel plates with uniform aperture, (2) the fluid is incompressible and 
fluid flow is laminar in the steady state, the governing equation for fluid flow in a single 






























                   (5.1) 
 
where Q is an initial source and sink taken to be positive when fluid is slowing into and 
negative when flowing out of the fracture, and Txx and Tyy are called the fracture 
transmissivity in x and y directions respectively defined by the so called ‘cubic law’ 
expressed as following equation: 
 






yxTTT yyxx                  (5.2) 
 
Interpretation to the parameters in this equation can be found in Section 4.1.1. 
Appling Galerkin method to the Eq. (5.1), the discretized governing equation 
becomes as follows: 
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       (5.4) 
 
where N is the number of element, [K(m)] is transmissivity matrix, {h(m)} is hydraulic 
head vector, {F(m)} is flux vector, [N(m)] is the shape function in the element m, S(m) is 
the surface of the element, L(m) is the boundary in which the flow rate is known, nx and 
ny are the unit normal vector to the boundary in x and y direction. The matrix [D
(m)] and 
[B(m)] is defined as follows respectively: 
 













































































































         (5.6) 
 
The aperture distributions of the studied sample at different shear displacements will 
be used to calculate the transmissivity of each element. The transmissivity of each 
element was calculated from Eq. (5.2) using the mean aperture of each element. The 
density and dynamic viscosity of water in 20C were given as 32 /10982.9 mkg  and 
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sPa  310002.1 , respectively, with a gravitational acceleration equal to 2/807.9 sm . 
To solve Eq. (5.3), the commercial software, COMSOL Multiphysics was used in this 
study. Since the number of the scanned and calculated aperture data points is very large 
(2000×1000 points) even though they are regularly distributed over the specimen area, 
the digitized aperture map of the fracture specimen was divided into 20000 (200 × 100) 
small square elements of an edge length of 1.0 mm. Mechanical aperture of each mesh 
(1mm×1mm) during shear can be assessed by using Eq. (4.13). To facilitate the 
calculation, this equation was incorporated into a numerical model based on the 
topographical models of the upper and lower surfaces of fracture. Numerical shearing 
can be simulated by moving the upper surface by a horizontal translation of 1 mm in the 
shear direction, then uplifting the upper surface by the dilation increment according to 
the measured mean shear dilation value at that shear interval as shown in Fig. 5.1. By 
using this simulation, however, a relocation error may be unavoidable between the 
actual conditions in tests and simulation conditions. In simulations, one corner of lower 
surface map is usually taken as origin and the corresponding corner of upper surface 
map is then adjusted to be located at this origin, so that the initial condition of a fracture 
before shearing can be reproduced. In experiments, however, a considerable mismatch 
of the origin of the upper halve and lower halve could happen in most cases and become 
larger when the two faces of specimens are not well matched. One difficulty in 
practicing is that even you put the upper and lower halves of specimens exactly at the 
same origin before loading, when the normal load is applied, small location changes can 
also happen, producing discrepancy between simulation and experiment at initial 
conditions. Influence of this error will be presented in the results of simulations.  
During the shearing processes, some areas may have zero or minus aperture value 
(penetration of upper surface into lower one, in reality this will be surface 
damage/asperity degradation). These areas were recognized as contact areas with zero 
aperture in simulation. Once an asperity was damaged, its shape and volume cannot 
fully recover although the stresses acting on it may be released in the future shear 
process. Therefore, a model taking the asperity damage into account is essentially 
required for a better interpretation of fluid flow in a rock fracture. Unfortunately, in this 
thesis, the effect of asperity damage and the effect of gouge materials generated by 
asperity failure were ignored due to the facts that the normal loads applied to the 
fractures in all the tests are relatively small (maximum is 2MPa) and the observed 
amount of gouge materials are negligible. A model with considerations of asperity 
damage is under construction. 
 




Fig. 5.1 Estimation of the mechanical aperture in a shear process by using digitized 




Both unidirectional flows parallel with and perpendicular to the shear direction were 
considered in the flow simulations by fixing the initial hydraulic heads of 0.1 m and 0 m 
along the left- and right-hand boundaries for the flow parallel with the shear direction 
(Fig. 5.2a), and the bottom and top boundaries for the flow perpendicular to the shear 
direction (Fig. 5.2b), respectively. The flow boundary condition for the flow parallel 
with the shear direction is the same as the one used in the laboratory coupled shear-flow 
tests presented in the previous chapter. As mentioned before, since the sizes of the upper 
and lower halves of the specimens are the same, the actual contact lengths decrease 
during shear. As a result, the hydraulic gradient was not constant (became progressively 
larger) during shear for the flow parallel with shear direction. The flow boundary 
condition for the flow perpendicular to the shear direction has many technical 
difficulties to overcome in the laboratory coupled shear-flow tests and therefore, no 
measurements for the fluid flow perpendicular to the shear direction have been made 
successfully in the laboratory tests. Hence, the presented simulation results in this thesis 













Fig. 5.2 Boundary conditions for the flow model, (a) parallel with and (b) perpendicular 




For the numerical treatment of the contact areas, once zero values are given to the 
aperture, all components of the calculated local transmissivity matrix, [K(m)] in Eq. (5.4) 
become zero and assemblage of the local transmissivity matrix becomes singular. 
Therefore, Eq. (5.3) cannot be solved without special treatment. One usually adopted 
numerical technique to avoid such singularities is to assign very small aperture values to 
the contact elements to generate non-singular transmissivity matrices (e.g. Brown, 1987; 
Mitani et al., 2003; Kim et al., 2004; Yasuhara and Elsworth, 2006). However, by 
giving these artificial, even very small, transmissivity values for the elements in contact 
areas, due to their high resistance to the fluid flow, large hydraulic head drop will occur 
inside the contact areas. As a result, iso-potential contour lines become very dense 
(a) (b) 
(c) 
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through them and some flow, even very small, still exists inside the contact areas as a 
numerical artifacts. This may not affect the calculations of global hydraulic variables 
such as the mean flow rates. However, it may affect the local pattern of the streamlines 
around the contact areas and give artificial changes to the particle transport paths that 
may change the travel distances and time, dispersion and tortuosity. Hence, in this study, 
contact areas/elements were numerically eliminated from the calculation domain and 
their boundaries were treated as additional internal boundaries with a zero flux 
condition   nhnh  , where n is the outward unit normal vectors of the contact 
areas, in order to satisfy conditions of no flow into or out of the contact areas 
(Zimmerman et al., 1992), as shown in Figs. 5.2a and b. This processes for finding 
contact areas, eliminating them from the element assemblage process and treating them 
as internal no-flux boundaries was done automatically by using a CAD system. Once 
the updated calculation domain with contact areas treated as additional boundary 
conditions, it is straightforward to apply the geometrical and the external/internal 
boundary conditions in the FEM models suitable for the COMSOL code for flow 
simulations. One of the FEM meshes of the fracture specimens thus generated for fluid 
flow simulations in this study is shown in Fig. 5.2c.  
Irregular triangle elements were used in the modelling, which is more flexible for 
treatment of the complex contact geometry with much finer meshes around the contact 
areas the regular rectangular grid aperture data was linearly interpolated.  
 
5.1.2 Particle transport using particle tracking method 
 
The general form of advection-dispersion equation of the solute transport was adopted 
































         (5.7) 
 
where c is the volumetric concentration, R is the retardation coefficient [M-1L3], ρ is the 
fluid density [ML-3], θ is the volume water content [-], t is time [T], Dij is the dispersion 
tensor [L2T-1], Vi is the actual velocity [LT-1], λ is the decay rate [T-1], and Qc is the 
source/sink term per unit time. The parameters R and λ are greater than or equal to 0, 
and Dij is a symmetric and positively semi-definite tensor.  
To solve Eq. (5.7) numerically, the following three different approaches are usually 
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adopted, (1) Eulerian, (2) Lagrangian and (3) mixed Eulerian-Lagrangian approaches. In 
the Eulerian approach, the advection-dispersion equation can be discretized and solved 
using a fixed grid/mesh using a finite difference or finite element method. However, 
when advection is dominant over dispersion (with larger Péclet numbers), this method 
may sometimes become unstable. This is the so-called overshoot/undershoot effect that 
causes oscillation in the numerical solutions (Pinder and Gray, 1977). To avoid these 
instabilities and guarantee the convergence of the solution, the calculation time step and 
grid size should be kept very small, i.e., the Courant number should be smaller than 1.0 
for determination of the suitable time step. Sudicky (1989) proposed the LTG (Laplace 
Transform Galerkin) method, where advection-dispersion equation was transformed 
into a more stable equation using Laplace transformation and solved the problem in the 
Laplace space. However this method is applicable only for steady state flow and linear 
problems. 
Another possibility consists of solving the equation by means of a Lagrangian 
approach, which requires a deforming grid, i.e. a grid with moving coordinates. 
Advection and dispersion are expressed as the particle movement following the flow 
velocity field and deviation (random movement) from the stream line are equivalent to 
dispersion, respectively. Since numerical instabilities are much less observed, the 
Lagrangian approach is suitable where advection is more dominant over dispersion. 
However, a disadvantage is that the determined concentration function is not smooth 
and usually requires certain data processing and smoothing. The third approach is the 
mixed Eulerian-Lagrangian approach. Assuming that the volumetric concentration c can 
be divided into two parts, one related to advection c and the other to dispersion c~ . 
 
),(~),(),( txctxctxc iii             (5.8) 
 
Then, the advection-dispersion equation, Eq. (5.7), can be separated into two 
independent equations, a purely hyperbolic ‘advection equation’ in terms of c expressed 
as Eq. (5.9), and a predominantly parabolic ‘dispersion equation’ in terms of c~  
expressed as Eq. (5.10) (Neuman, 1981; 1984). This approach has fewer limitations, due 
to the fact that it can handle the entire range of Péclet numbers from 0 to ∞, with 
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        (5.10) 
 
As the focus of research is to gain basic knowledge about particle transport 
phenomena in a rough fracture during mechanical shear, rather than developing 
sophisticated transport simulation methods, a straightforward and highly simplified 
modelling approach was adopted. In this study, a Lagrangian approach considering only 
the advection process (Eq. (4.9)) was adopted. The random dispersion due to diffusion 
of the solute particles within the fluid in fracture, and other retardation mechanisms 
such as sorption or decay, were not taken into account. As the steady-state fluid flow 
was assumed, particle tracking along the streamlines was used. An iteration process was 
used to advance particles along the streamlines in the flow field in order to calculate 
their travel paths and travel time, and then the shear-induced changes in the 
breakthrough curves and Péclet number of the particle motion were calculated. 
With the above assumptions and simplifications, for the problem of particle advection 
in a steady state fluid flow field, assuming λ=0 in Eq. (4.9), the new position of a 















1 Vxx             (5.11) 
 
where 1ijx  is the position vector of the particle j after the iteration step i+1 and 
i
jx  is 
the position vector of the particle j in iteration step i and V is the velocity vector. In this 
case, R = 1. The integration in Eq. (5.11) leads to the mean flow velocity value V  for 
a certain element. Hence, the increment of residence time can be calculated 













             (5.12) 
 
The fluid flow velocity field at each shear displacement step obtained by FEM 
simulation was provided as input data, element-by-element, for particle tracking 
simulations. The residence time in each element was calculated from the travel distance 
and its corresponding velocity. The total particle travel time was calculated as the sum 
of the residence time of all the elements passed through by each particle (Eq. (5.12)), as 
given by  












              (5.13) 
 
where tj is the travel time of particle j, ijt is the time of particle j in iteration i and m is 
the number of iterations made by particle j. 
For the particle injection at the inlet boundary, the number of particles injected at the 
elements along the inlet boundary was proportional to the element’s flow rates, which 
were obtained by using the hydraulic boundary conditions while solving the Reynolds 
equation. This means that more particles were attracted to the elements of higher flow 
rates. The locations of particle injection were arranged regularly at an interval of 1.0 
mm along the inlet boundary, which means that there are 100 injection points for the 
flow parallel with the shear direction, and 200 injection points initially for flow 
perpendicular to the shear direction and the number decrease with shear displacements 
(182 injection points after 18 mm shear displacement), respectively. Fig. 5.3 shows the 
calculation method for the number of particles that were introduced at the inlet 
boundary for the particle transport in parallel with (x-direction) and perpendicular 
(y-direction) to the shear direction.  
From the particle tracking simulations, travel time for each particle was obtained 
from Eq. 5.13 and can be evaluated for breakthrough curves, represented as the 
percentages of the particles collected at the outlet as functions of time. The Péclet 
number can be evaluated in terms of the variance and the mean travel time using the 
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Fig. 5.3 Calculation method for the number of particles that were introduced at the inlet 
boundaries for the particle transport: (a) parallel with and (b) perpendicular to the shear 
displacement. It should be noted that the number of injection points decreases during 




5.2 Simulation results 
 
5.2.1 Numerical simulation of coupled shear-flow tests 
 
The results of flow velocities are superimposed in Fig. 5.4 and Fig. 5.5, with arrows. 
The grey intensity of the background in the flow areas indicates the magnitude of local 
transmissivities (see the legend in the figures). Fig. 5.4a, b and c show the flow velocity 
fields with transmissivity evolutions at different shear displacement of 1, 2, 5 and 10 
mm for different fractures, J1, J2 and J3 under constant normal stress of 1 MPa, 
respectively. These figures clearly show the influences of morphological behaviours of 
rock fractures on the development of aperture distributions and fluid flow fields. The 
surface of specimen J1 is smooth and flat. Therefore, no flow can be conducted at the 
start. At 1 mm of shear displacement, the contact areas are widely and uniformly 
distributed over the whole fracture sample and actually blocked the fluid flow totally 
without any continuous flow path (first figure of Fig. 5.4a). Continuous flow paths start 
to form at 2 mm of shear displacements, and continue to grow into main flow paths with 
continued decrease of contact areas and increase of transmissivity, with increasing shear 
(a) (b) 
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displacement (see the last three figures of Fig. 5.4a), with two outlet spots on the outlet 
boundary of the sample at the upper right and lower right corners of the sample. Similar 
phenomenon can be observed also for specimen J3 (Fig. 5.4c) but with the widely 
distributed asperities developed more complicated void space geometry, which causes 
complex structure of transmissivity and flow velocity fields, with only one outlet spot at 
the outlet boundary. In both cases, fluid flows bypass the contact areas with less 
resistance and main flow paths are limited only in a few high transmissivity areas (flow 
channels). As a result, flow patterns (or stream lines) become very tortuous. This 
phenomenon is well-known as ‘channelling effect’ (Tsang and Tsang, 1987).  
Fig. 5.4d shows the flow velocity fields with transmissivity evolutions at different 
shear displacement of 1, 2, 5 and 10 mm for fracture sample J1 under constant normal 
stress of 2 MPa, the test case J1-2. Due to the much increased contact areas and much 
reduced transmissivity, there exists no fluid flow going through the fracture sample 
(contact areas blocking the fluid flow totally) up to shear displacement of 2mm, and 
significant flow paths can only be detected at shear displacement of 5 mm, which is, 
however, the same main flow path as shown in Fig. 5.4a. The flow pattern for sample J2 
is very different (Fig. 5.4b). The presence of a few large main asperities at the upper 
right part of the sample dominated dilation behaviour and flow field, causing totally 
different flow patterns for the right and left parts of the sample J2. Channeled flow is 
formed at the right part due to presence of the main asperities but the left part has 
almost uniform flow field without channels at all, due to the uniform increase of 
aperture by shear dilation that occurred only on the slope surfaces of the main asperities, 
thus produced a large void space in the left-hand side of the fracture sample after a shear 
displacement of 1 mm. The flow field becomes less tortuous but more non-uniform 
compared with cases of J1 and J3, with such mixed flow patterns, which may cause 
difficulties for establishing mathematical basis of homogenization for back calculating 
hydraulic properties. The tortuous channel flow patterns obtained from the flow 
simulations with proper consideration of contact areas caused by shear under normal 
stresses/stiffness are more realistic compared with earlier results reported in literature, 
obtained from flow simulations in which fracture samples have only a few very small 











Figure 5.4 Flow velocity fields for the fluid flow parallel with shear direction with 
transmissivity evolutions at different shear displacement of 1, 2, 5 and 10 mm for 
fracture sample, J1 under different constant normal stress, (a) J1-1 (CNL, 1.0 MPa) and 
(b) J1-2 (CNL, 1.5MPa).  
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Figure 5.4 (continued). Flow velocity fields for the fluid flow parallel with shear 
direction with transmissivity evolutions at different shear displacement of 1, 2, 5 and 10 
mm for fracture samples J2 and J3 under constant normal stress of 1.0 MPa, (c) J2-1 
and (d) J3-1. 
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The flow rate at the outlet boundary (along x=0) for all test cases with different 
normal loading conditions were compared between laboratory tests and numerical 
simulations as shown in Fig. 5.5 and Table 5.1. Note that the zero flow rates cannot be 
plotted in the figure with log-scaling in the axes for flow rate. The hydraulic apertures 
of the fractures and their evolutions during shear were back calculated using the cubic 
law and tabulated results were also compared in Table 5.2. The general behaviours of 
the flow rate variation with shear displacement under different normal stress/stiffness 
conditions were captured for all samples, with varying degrees of general agreements. 
The flow rate increase very sharply in the early stage of shear (after 1 mm or 2 mm 
shear displacements) and continue to increase but with a progressive reduction of 
gradient. A ‘sill’ may be approximated for sample J1 at about a shear displacement of 
15 mm, but not for the other samples. The general increase of flow rate is about 5-6 
order of magnitude from the initial state before shear. The unstationary but smooth 
fracture J2 has the highest maximum increase of flow rate (higher than 10-4 m3/sec, in 
the order of magnitude), followed by the rough but stationary sample J3 (between 
10-5-10-4 m3/sec, in the order of magnitude), and with lowest flow rate increase by the 
smooth and flat sample J1 (about 10-5 m3/sec, in the order of magnitude), respectively. 
These general behaviours agree with the general understanding of the flow behaviour of 
rock fractures. The measured and simulated results agree well for sample J3, but less 
well for sample J2 and J1. The most significant disagreement occurs at early stages of 
shear, particularly at the start of shear. The reasons for discrepancies are interpreted 
below. Please note that the numerical simulation was not calibrated with test results but 
pure predictions with assumptions of zero apertures (therefore zero flow rate) as the 
initial state for all cases. For fracture samples J1 and J2, the hydraulic apertures 
calculated from the flow rates obtained from numerical simulation were always smaller 
than the ones from laboratory tests. The deviation becomes smaller with increase flow 
rate (shear displacement) from about one order to a few times difference, and also 
smaller for rougher fractures. 
The deviation flow rate and hydraulic aperture caused by mainly four reasons: (1) 
there are possibilities of local surface damage or uneven dilation in the fracture (tilting 
of the fracture sample) during coupled shear-flow tests, which were not considered in 
the numerical model, (2) square elements with edge length of 1mm as the smallest 
contact area may be a bit coarse, as a result, too much fluid flow blocked by the contact 
areas especially for small shear displacement stages, (3) the experimental difficulties to 
mated initial condition (especially for smoother surface), and (4) the initial fracture 
aperture was assumed to be zero for numerical models because fractures are perfectly 
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mated at the initial condition but in the experiment very small fluid flow still exists even 
after applying weak cyclic normal loading. This point is related to point (3).  
Among the four points mentioned above as possible sources of errors causing the 
underestimations of flow rates and hydraulic apertures, the relocation errors and 
assumption of zero aperture for the simulations are the most significant, since 




Table 5.1 Comparison of the flow rate at the outlet between laboratory experiments and 
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5.2, the measured flow rate and hydraulic apertures before shear for sampled J1 and J2 
(for test cases J1-2, J1-3, J2-2 and J2-3) are non-zero, indicating possible relocation 
caused non-zero flow rate and aperture values before shear. If these non-zero values 
were taken as initial states instead of zero aperture conditions, the agreements between 
the predicted and measured apertures and flow rates will be better. This measures, 




Table 5.2 Comparison of the back calculated hydraulic aperture using cubic law 
between laboratory experiments and numerical simulation for different fracture samples, 










Fig. 5.5 Comparison of the flow rate at the outlet between laboratory experiment and 
numerical simulation for different fracture samples, (a) J1, (b) J2 and (c) J3. It should be 
noted that zero flow rate value can not be plotted in the log scale, which is observed at 
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5.2.2 Simulation for shear-induced flow anisotropy 
 
The simulated results of flow velocity fields with transmissivity evolutions when the 
overall flow direction was perpendicular to the shear direction are shown in Fig. 5.6. 
Figs. 5.6 (a), (c) and (d) show the flow velocity fields with transmissivity evolutions at 
different shear displacements of 1, 2, 5, 10 and 15 mm for fracture specimens J1, J2 and 
J3 under constant normal stress of 1 MPa (J1-1, J2-1 and J3-1), respectively. These 
figures clearly show the more significant channeling flows in the direction 
perpendicular to the shear direction. 
  For smooth and flat surface of specimen J1, at 1 mm of shear displacement, the 
contact areas are widely and uniformly distributed over the whole fracture specimen and 
actually blocked the fluid flow totally without any continuous flow path (first figure of 
Fig. 5.8a). The continuous flow paths start to form at 2 mm of shear displacements, and 
continue to grow into two main flow paths with increasing shear displacement (see the 
last four figures of Fig. 5.6a. Fig. 5.6b shows the flow velocity fields with transmissivity 
evolutions at different shear displacement of 1, 2, 5, 10 and 15 mm for fracture 
specimen J1 under a constant normal stress of 1.5 MPa, the test case J1-2 (CNL, 1.5 
MPa). Due to the much increased contact areas and much reduced transmissivity, more 
tortuous flow can be observed at the shear displacement of 2 mm, however, the same 
flow paths as shown in Fig. 5.6a can be observed, once significant flow paths created at 
shear displacement of 5 mm. 
The flow pattern for specimen J2 is very different (Fig. 5.6c). The presence of a few 
large main asperities at the upper right part of the sample dominated dilation behaviour 
and flow field, causing totally different flow patterns for the right and left parts of the 
specimen J2. Tortuous flow can be observed at the right part of the specimen due to the 
presence of the main asperities but the left part has almost uniform and straight flow 
field, due to the uniform increase of aperture by shear dilation that occurred only on the 
slope surfaces of the main asperities, thus produced a large void space in the left-hand 
side of the specimen after a shear displacement of 2 mm. 
Similar phenomenon can be observed also for specimen J3 (Fig. 5.6d) but flow 
patterns are more complicated with several tortuous flow channels due to the complex 
structure of transmissivity and flow velocity fields. The two sets of simulation results 
for flow parallel with and perpendicular to the shear direction, as shown in Figs. 5.4 and 
5.6, indicate completely different flow patterns. When the general flow direction is 
parallel to the shear direction (Fig. 5.5), the flow is more tortuous. When the general 
flow direction is perpendicular to the shear direction (Fig. 5.6), the flow field becomes  




Figure 5.6 Flow velocity fields for the fluid flow perpendicular to the shear direction 
with transmissivity evolutions at different shear displacement of 1, 2, 5, 10 and 15 mm 
for fracture sample, J1 under different constant normal stress, (a) J1-1 (CNL, 1.0 MPa) 
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Figure 5.6 (continued). Flow velocity fields for the fluid flow perpendicular to the shear 
direction with transmissivity evolutions at different shear displacement of 1, 2, 5, 10 and 
15 mm for fracture samples, J2 and J3 under constant normal stress of 1.0 MPa, c) J2-1 
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more regular through connected higher transmissivity channels oriented in the 
perpendicular direction to the shear direction.  
Figs. 5.7 (a), (c) and (d) show the distributions of local flow rates at inlet and outlet 
boundaries and their evolutions at different shear displacements of 1, 2, 5, 10 and 15 
mm for different fracture specimens, J1, J2 and J3 under constant normal stress of 1 
MPa (J1-1, J2-1 and J3-1), respectively, when flow is parallel to the shear direction. 
These figures clearly show the process of creating and growing flow channels during 
shear. For fracture sample J1 (Fig. 5.7a), much fluid flow goes into the fracture around a 
spot at y = 0.03 m at inlet boundary in the early stage of the shearing process (at a shear 
displacement of 2 mm). The flow rates close to the upper edge (at around y = 0.09 m) 
start becoming larger after a shear displacement of 3 mm and two major flow channels 
were created after a shear displacement of 5 mm, and finally fluid inflow close to the 
upper edge became dominant after 18 mm of shear displacement. On the other hand, 
fluid flow comes out only close to both upper and lower edges of the specimen J1 
because of the contact areas were more oriented in the y-direction (perpendicular to the 
shear direction) close to the outlet boundary. Fig. 5.7b shows distributions of local flow 
rates at inlet and outlet boundaries and their evolutions at different shear displacements 
of 1, 2, 5, 10 and 15 mm for specimen J1 under constant normal stress of 1.5 MPa, the 
test case J1-2. Due to the much increased contact areas and much reduced transmissivity, 
there exists no fluid flow going through the fracture model (contact areas blocking the 
fluid flow totally) up to shear displacement of 2 mm, and significant flow paths (at 
around y=0.03 m for inflow and close to the upper edge for outflow) were generated at 
shear displacement of 3 mm and continued to grow during shearing process, as shown 
in Fig. 5.7a. The distributions of local flow rates at inlet and outlet boundaries for 
specimen J2 are very different (Fig. 5.7c). Fluid flow went into and came out at spots 
close to the middle height of the specimen (at y = 0.05 m) and bottom edge (y = 0 m), 
respectively, at 1 mm shear displacement. The flow rates around a spot at y = 0.04 m at 
the inlet boundary became more dominant during whole shearing process. At a shear 
displacement of 2 mm, more flow channels started to form. After a shear displacement 
of 10 mm, flow rate at the outlet boundary became more evenly distributed. This was 
caused by the fact that channeled flow was formed at the right part of the specimen due 
to presence of some larger asperities but the left part of the specimen were much smooth 
without major asperities and the flow field was almost uniform without channels at all.  
 
 





Fig. 5.7 Flow rates at inlet and outlet boundaries for the fluid flow parallel with shear 
direction, and their changes during shear for fracture sample, J1 under different constant 
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Fig.5.7 (continued). Flow rates at inlet and outlet boundaries for the fluid flow parallel 
with shear direction, and their changes during shear for different fracture samples, J2 
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A few dominant flow channels were created at a shear displacement of 1 mm at both 
inlet and outlet boundaries of the fracture specimen J3 (Fig. 5.7d). Only two high flow 
rate spots were observed along the inlet boundary, at around y = 0.07 m and close to the 
bottom edge of the fracture specimen, during the whole shearing process. The fluid flow 
coming out at around y = 0.07 m became dominant after 10 mm shear displacement. 
For all cases, the distributions of high flow rate channels at inlet and outlet 
boundaries are quite different, which means that void space structure inside the fractures 
is complex due to the changes of contact areas during shear and, as a result, fluid flow 
inside the fractures is tortuous. The calculated flow rates at inlet boundary are important 
to calculate the number of particles introduced along the inlet boundaries for the particle 
transport simulation presented later. 
Figs. 5.8 (a), (c) and (d) show the distributions of local flow rates at inlet (y = 0) and 
outlet (y = 0.1 m) boundaries and their evolutions at different shear displacement of 1, 2, 
5, 10 and 15 mm for different fracture specimens, J1, J2 and J3 under constant normal 
stress of 1.0 MPa (J1-1, J2-1 and J3-1), respectively, when flow is perpendicular to the 
shear direction. For specimen J1 (Fig. 5.8a), there are several high flow rate areas along 
the inlet and outlet boundaries at early stages of the shearing process but the high flow 
rate area starts being localized at the shear displacement of 10 mm, and there are only 
two main flow channels formed finally. Fig. 5.8b shows distributions of local flow rates 
at inlet and outlet boundaries and their evolutions at different shear displacement of 1, 2, 
5, 10 and 15 mm for specimen J1 under a constant normal stress of 1.5 MPa, the test 
case J1-2. The increased contact areas and reduced transmissivity caused only one 
inflow spot and one outflow spot along the inlet and outlet boundaries (x = 0.05 and 
0.02 m), respectively, at the shear displacement of 2 mm. A few significant inflow and 
out flow spots were generated at shear displacement of 3 mm and continued to grow 
during shear, forming finally the same main flow path as shown in Fig. 5.8a. 
The distributions of local flow rates at inlet and outlet boundaries for specimen J2 are 
very different (Fig. 5.8c). Initially, at the shear displacement of 1 mm, there are two 
main inflow spots, one close to the left edge (x = 0) and the other around x = 0.08 m 
along the length of the specimen. However the inflow at the spot of x = 0.08 m becomes 
more dominant after the shear displacement of 2 mm. 
For specimen J3, a few dominant flow channels were created at 1 mm shear 
displacement at both inlet and outlet boundaries (Fig. 5.8d). Two high flow rate spots 
are located along the inlet boundary, around x = 0.02 m and x = 0.07 m, respectively, 
during whole shearing process, but the fluid flow coming out at around x = 0.02 m 





Fig. 5.8 Flow rates at inlet and outlet boundaries for the fluid flow perpendicular to the 
shear direction, and their changes during shear for fracture sample, J1 under different 





























































































































































































Fig. 5.8 (continued). Flow rates at inlet and outlet boundaries for the fluid flow 
perpendicular to the shear direction, and their changes during shear for different fracture 
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remains to be the most dominant. Interestingly, for the specimen J3, the distributions of 
local flow rates at inlet and outlet boundaries are very similar. This means that fluid 
flow through the fracture is not tortuous but straight. 
Two sets of the normalized flow rates calculated at two outlet cross sections, with 
different flow directions with respect to the shear direction, are compared for specimens, 
J1, J2 and J3 with different normal loading conditions as shown in Fig. 5.9, as a 
function of shear displacement. One set is the flow rate at position of x = 0 for the fluid 
flow parallel with the shear direction (in the x-direction) and the other set is the flow 
rate at position y = 0.1 m for the fluid flow perpendicular to the shear direction (in the 
y-direction). It should be noted that the flow rates are normalized by dividing hydraulic 
gradient and edge length of the specimens to compare directly, since the fracture 
samples are not square (the edge length is different) and therefore hydraulic gradient are 
different. For all specimens and shear displacements, the normalized flow rates 
perpendicular to the shear direction are larger than those parallel with the shear 
direction. The difference is from a factor of 5 to nearly 2-3 orders of magnitude. The 
larger difference can be observed for flatter surface and smaller shear displacements, 
specimen J1, due to the formation of more clustered connected flow channels in the 
direction perpendicular to the shear direction. 
The above results clearly illustrate the limitations of the traditional shear-flow tests 
using the boundary condition with fluid flow parallel with the shear direction. While 
such tests can capture the flow behaviour in the shear direction, it can only be used to 
estimate the transmissivity of the fracture in that direction. The significant effects of 
shear dilation on flow in the direction perpendicular to shear direction cannot be 
captured and therefore are often neglected. This shortcoming may lead to significant 
underestimation of the fluid transmissivity of the rock fractures during shearing 
processes. 
 
5.2.3 Numerical simulation of the coupled shear-flow-tracer tests 
 
Fig. 5.10 shows the comparison of the flow fields between experiment (Fig. 5.10a) and 
two numerical predictions (Figs. 5.10 (b) and (c)) at different shear displacement of 1, 5, 
10 and 15 mm, respectively. For the simulation results, the white ‘islands’ indicate the 
contact areas and the intensity of the background color in the flow areas indicates the 
magnitude of local transmissivities for Figs. 5.10 (b) and (c) (see the legend in the 
figure). For the measured values from the experiment (Fig. 5.10a), the red color 
becomes darker at shear displacement of 5 mm. This means that dye thickness becomes  





Fig. 5.9 Comparison of the normalized flow rates at the outlet for different fracture 
samples, a) J1, b) J2 and c) J3 with different normal loading conditions between the 
flows in the direction parallel with (x-direction) and perpendicular to (y-direction) the 
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thicker with increasing fracture opening (dilation) during the shear and fracture 
becomes more permeable. These figures also clearly show the contact area distribution 
and its change during the shear. The contact areas were localized with decreasing its 
ratio (over the whole sample area) during shear and the dye flows bypassing the contact 
areas. The simulated results of flow velocities (as arrows) are superimposed in Figs. 
5.10 (b) and (c). 
The two numerical simulations were performed with two initial conditions of aperture 
distribution: (1) initial mechanical aperture, b0 (Fig. 5.10b) calculated from fitted normal 
stress and displacement relation (explained in the section 4.5) was used as the initial 
aperture, therefore the simulation serves as a pure predictive simulation; and (2) initial 
hydraulic aperture back calculated from the measured flow rate (Fig. 5.10c), which was 
assumed to be equal to the initial mechanical aperture at zero shear displacement. The 
simulation is then is more calibrated. This calibration is needed since it was found 
during test that the initial aperture was much larger than predicted from the normal 
stress-closure curve due to unforeseen changes in fluid flow during test.  
Comparing the images in Fig. 5.10 obtained from the experimental measurements and 
numerical predictions, the fracture aperture and contact distributions are quite different 
at the initial stage at 1 mm shear displacement (on the top figures in Fig. 5.10). This is 
caused by mainly initial relocation offsets and tilting of the fracture sample at the start 
of the shear. The disagreement is much reduced at 5 mm shear and agree well with 
continuous shear, as shown in the 2nd, 3rd and 4th row of the figures in Fig. 5.10. The 
results show that at larger shear displacements, of 10 mm and 15 mm, the effects of 
initial relocation and tilting of the fracture sample was overcome by the shear dilation. 
As a result, the fracture aperture and contact distributions as well as flow paths 
predicted by numerical simulation agree well with the pictures obtained from the 
experiments. 
The measured and simulated flow rates at the outlet boundary (along x=0 at the left 
hand side of the sample) were compared in Fig. 5.11. Two simulations were performed 
using two different initial aperture conditions: (1) using the measured mechanical 
aperture b0, and (2) using the back-calculated initial hydraulic aperture from the 
measured flow rate results without shear, as aforementioned. The two sets of results are 
presented in Fig. 5.11 with legend ‘simulation 1’ and ‘simulation 2’, respectively. Note 
that the zero flow rates at the 3 mm shear displacement as measured during shear test 
cannot be plotted in the figure with log-scaling in the vertical axis for flow and no flow 
measurement was made at 4 mm shear displacement during the experiment. The general 
behaviour of the simulated flow rate variations with shear displacements, under constant 





Fig. 5.10 Comparison of the flow fields between experiment and numerical prediction 
at different shear displacement of 1, 5, 10 and 15 mm, (a) the images of the fluid flow 
captured by a CCD camera, and predicted flow velocity fields with transmissivity 
evolutions using (b) initial mechanical aperture and (c) initial hydraulic aperture back 
calculated from flow rate to superimpose upper and lower surface for initial condition 




normal stress condition, was captured and agrees well with measured results when the 
back-calculated initial hydraulic aperture was used (Simulation 2), but large difference 
can be observed for the early stage of shear up to 5 mm of shear, when the measured 
mechanical aperture b0 was used (Simulation 1), due to the fact that the numerical 
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Fig. 5.11 Comparison of the flow rates at the outlet between laboratory experiments and 
numerical predictions for fracture sample under normal loading of 1MPa. It also should 
be noted that the flow rates were predicted by numerical simulations at 0, 1, 2, 3, 5, 7, 
10 and 15 mm shear displacement and flow measurement was not made at the shear 




the start of shear, asperity damages at the contact areas, and possible underestimation of 
the mechanical aperture at the start of shear. 
Among above reasons as possible sources of discrepancies in the results of flow rates 
(Fig. 5.11) and flow fields (Fig. 5.10), the ignorance of asperity deformation (especially 
transparent upper part) may be the most significant, since the acrylic upper block of the 
sample is relatively weaker compared with the lower plaster block, and the generation 
of gouge materials by damage is not significant as observed in tests. The relocation 
error (offset) is of the secondary importance since it affects mainly the general 
behaviours of simulation results in early stage of shear, before 3 mm of shear 
displacement. The initial relocation offsets and/or tilting of fracture sample caused 
relatively large open space in the upper part of the fracture and as a result, flow rate 
becomes higher. The effects of relocation offset and tilting could be considered using 
back-calculated initial flow rate in further model calibrations as long as the initial 
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aperture and tilting direction and extent can be quantified during testing, but the asperity 
deformation and damage cannot be properly considered at present. The deformation for 
the acrylic upper part may be larger than currently estimated and dominant in the cyclic 
normal loading test results. 
The calibrated simulation results (’Simulation 2’ in Fig. 5.11) have better agreement 
with the flow rates measured in the experiment initially and at smaller shear 
displacement but slightly overestimate flow rates after large shear displacement due to 
the continued effect of the larger initial aperture. 
Both simulated and measured flow rates show the slight decease up to 2 or 3 mm 
shear displacements and sharp increase at about 5 mm shear displacement but with a 
progressive reduction of gradient, and more stabilized flow rate after the 7 mm of the 
shear displacement. The general increase of flow rate is about 3 orders of magnitude 
from the initial state before shear. These general behaviours agree with the general 
understanding of the flow behaviour of rock fractures. 
 The particle transport simulations were conducted and depicted in detail by Koyama 
(2007, 2008) based on the coupled shear-flow tests by using the methods described in 
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CHAPTER 6  
 
Comparative study of deformation behaviours of fractured 





The design for rock based structures like dam, bridge and nuclear power plant require a 
comprehensive understanding of the strength and deformation behaviours of the rock 
masses involved in constructions. Many approaches concerning the design of these rock 
structures have been established for foundation stability assessment and for ideal site 
selections. Nowadays, in developed countries, facing the issues like environment 
protection and land restrictions, constructions in unfavourable ground conditions like in  
fractured rock masses have become prevalent, which requires higher standards in design 
and construction of rock structures.   
In a fractured rock mass, besides the intact rocks, discontinuities play an important 
role in the deformation behaviour of the rock mass. In the design of a rock structure, it 
is important to comprehend the mechanical properties such as strength and 
deformability of rock mass. The in-situ test is an effect approach to directly assess the 
deformability of the rock mass in concern. In this chapter, a new numerical approach 
capable of cracking simulation was developed based on DEM for the simulations on 
fractured rocks. Various in-situ tests on single rock sample or rock masses and their 
simulations were conducted and will be presented in the following sections. 
 
 
6.1 Development of Expanded Distinct Element Method (EDEM) 
 
6.1.1 Basic numerical approach of representing cracking in rock matrix 
 
There have been a number of studies focusing on the cracking processes around tunnel 
or opening in rock masses (e.g. Wong et al., 2002; Germanovich and Dyskin, 2000; 
Martin et al., 1997; Souley et al., 2001; Golshani et al., 2007). When an underground 
opening is excavated in crystalline rock masses, crack initiation and propagation may 
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arise by two mechanisms: (1) stress-induced cracking (short term) and (2) 
time-dependent cracking (long term) (Golshani et al., 2007). The first one happens 
principally due to the stress redistribution during the excavation process in the vicinity 
of opening and it generates the main amount of new cracks comparing to the second 
mechanism inducing creeping damage. There are generally three numerical approaches 
to take the influences of cracking into account while assessing the performance of an 
underground structure: (1) approach using fracture mechanics, (2) approach by 
transforming the mean behaviours of cracks to a continuum, (3) approach using 
microcracking models to evaluate the behaviours of individual cracks. 
Instead of using the strength criterion, the first approach adopts the energy criterion 
based on the fracture mechanics in the continuum model to judge the crack generation. 
It is effective to represent the direction and quantity of cracking, whereas the 
performance changes of the structure induced by crack generation is difficult to be well 
assessed. The second approach is generally used in the model filled with smeared 
(non-persistent) cracks, where the behaviours of individual cracks are difficult to assess 
and the influences of cracks are represented by decreasing the material properties of the 
continuum. This method is effective for the total behaviour assessment of a rock 
structure especially those without major persistent discontinuities (e.g. large faults).  
The microcracking models representing the initiation and propagation of individual 
cracks provide a better solution to understand the influences of the newly generated 
cracks on the local performance of a rock structure. This approach treats the cracks in a 
model as discrete elements to facilitate the behaviour assessment of each single cracks. 
The crack generation simulation can be accomplished by: (1) continuously rebuilding 
the meshes in the model according to the propagation direction of new cracks during the 
simulation as shown in Fig. 6.1, (2) pre-distributing potential cracks with bonding 
strengths equivalent to the rock matrix into the model and separating them when the 
failure criterions are satisfied. Comparing to the first method, the shortcoming of the 
second one is that the new cracks can only propagate on the paths of potential cracks 
thus the generation direction of cracks cannot be realistically predicted. When using a 
DEM program such as UDEC to simulate the crack generation, however, the rebuilding 
of meshes (zones in UDEC) during the simulation is a tough task and a time-consuming 
problem. To overcome the shortcoming of the second method, the propagation paths of 
cracking in terms of potential cracks need to be carefully arranged in the model before 
simulation to provide the effective possible paths for the cracking process. In this study, 
the EDEM by combining the second method to UDEC was developed to accomplish the 
crack generation simulation in the rock masses. 









6.1.2 Definition of potential cracks in rock matrix 
 
Special treatment in terms of defining the potential cracks, which could change to real 
cracks when satisfying the failure criterions, was applied to the DEM model to 
accomplish the function of crack initiation. Cracks could theoretically be generated 
anywhere in a model, which requires potential cracks being filled with the whole model. 
By doing so, however, the calculation in EDEM will be extremely time-consuming 
besides the fact that in most cases, only a few parts of potential cracks could exceed the 
failure criterions thus change to cracks. There are two methods in EDEM to generate the 
numerical models with potential cracks.  
 
Coupled Shear Flow and Deformation Behaviour of Fractured Rock Mass 
 
 162
1) A prior elastoplastic analysis is carried out on the model without potential cracks to 
obtain the directions of principal stresses and the extent of plastic zones. The potential 
cracks are then distributed into the plastic zones based on the fact that new cracks are 
generally generated within the plastic zones. In EDEM, cracks can only propagate with 
pre-determined paths, therefore the orientation of potential cracks is an important factor 
for performing an accurate simulation in terms of deciding the cracking direction. The 
new cracks have the potential to propagate in any directions in a rock block undergoing 
stresses on boundaries. The numerical model, however, could not afford such large 
amount of potential cracks in various directions limited by the computation time. As a 
compromise, a number of regions in which the principal stresses have the same 
direction, have been identified based on the results of prior analysis. In these regions, 
when shear is considered to be the principal reason to generate new cracks (i.e. shear 
failure region), two directions 45°-/2 starting from the major principal stress plane on 
two opposite sides are assigned to the potential cracks. When tension is considered to be 
the principal reason (i.e. tension failure region), then the directions parallel and vertical 
to the principal stress plane are applied. By doing so, two sets of potential cracks having 
the directions with the highest possibility for crack generation are created in each region 
(Fig. 6.2a). In practice, the rock blocks near the sidewalls of an opening have the 
potential to slip or fall into the opening, which could be generally categorized as shear 
failure region. The falling of blocks on the arch largely endangers the stability of 
opening and they could be defined as tension failure region.  
 
2) The second method is to generate hexagonal blocks in the model as demonstrated in 
Fig. 6.2b. If the size of hexagon is sufficiently small, the model changes to the form 
similar to that usually adopted in SPH or PFC. In this method, the direction of cracking 
is nearly arbitrary, which could help produce more realistic cracking paths. The size of 
hexagon could affect the mechanical performance of a model, therefore, calibration is 
necessary before a model can be used for a simulation to an actual problem. The 
calibration of such model is presented in sections 6.2.1 and 7.2.  
 
The spacing of potential cracks or the size of hexagon applied in the model need to 
synthetically consider the size of the simulation object (e.g. underground opening) and 
the density of the preexisting discontinuities as well as the computation time in EDEM. 
A number of simulations by comparing the mechanical behaviours of the models with or 
without the potential cracks were carried out, with differing mechanical properties of 
potential cracks. By doing so, the mechanical properties of potential cracks have been 
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carefully chosen to ensure the models with the potential cracks perform reasonable close 
behaviour with the actual rock blocks without potential cracks. 
 
6.1.3 Failure criterions for the potential cracks 
 
Two failure criterions are adopted according to the principal stresses acting on each 
potential crack to define the failure modes. Criterions for shear failure fs and tension 
failure ft can be expressed as Eqs. 6.1 and 6.2, respectively. 
 
0cos0.2)sin0.1()sin0.1( 31   cf s              (6.1) 
 
03   ttf                           (6.2) 
 
where c is the cohesion,  is the friction angle of intact rock. t is the tension strength of 
intact rock. Herein, 1 is major, 3 is minor principal stresses and compressive stresses 
are negative. 
As shown in Fig. 6.3, 2 groups of stress tensors (ix, ixy, iy)(i=1,2,3,4) locating at the 
two sides of a potential crack respectively are picked out, which originate from the 
zones (basic elements in UDEC) surrounding the calculation point on a potential crack. 
Principle stresses on a potential crack can be evaluated by using the Airy stress function 
(6.3), and components of stress are given by Eqs. (6.4)-(6.6). Coefficients a, b, c and d 
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The mechanical properties of the potential cracks satisfying either one of the failure 
criterions are reduced to that of the pre-existing fractures automatically during 
simulation so that new cracks could subsequently perform the same mechanical 
behaviours with the pre-existing fractures. 
 
6.1.4 Judgment procedure of the crack generation 
 
The judgment of crack generation and propagation in the EDEM can be carried out at 
each calculation step or every n steps depending on the limitation of computation time 
and the required representing accuracy of the generation process. Each potential crack 
could be divided into several sections by zones and the judgment is executed section by 
section. The number of sections for one potential crack depends on the number of zones 
generated around this crack. By doing so, one potential crack can totally change to new 
cracks in one step (when the whole potential crack satisfies the criterions in one step) or 
several steps (when only a few sections of the potential crack satisfy the criterions in 
one step). The judgment is executed only for the pre-defined potential cracks and ends 
when all of the potential cracks have been evaluated. The process of judgment mainly 
comprises the following three steps: (a) defining the potential cracks in the essential 
blocks according to the distribution features of principal stresses and plastic zones in 
jointed rock masses obtained from the prior analyses, (b) estimating the stress tensors 
around the calculation points on each potential crack and judging the propagation 
direction and magnitude (number of sections) of new cracks by employing the shear and 


















Fig. 6.2 Distributions of potential cracks in EDEM. (a) Potential cracks generated at 
two directions based on the direction of principal stress, (b) hexagonal blocks for a 
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Fig. 6.3 Definition of the principle stresses for each potential crack in EDEM model. 
(a) (b) 
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6.2 Simulations of unconfined and triaixal compression tests 
 
6.2.1 Unconfined compression test simulation 
 
The main purposes of the simulations on unconfined compression tests are to verify the 
validity of applying EDEM to compression tests and to obtain the effective spacing and 
mechanical properties of potential cracks in such models. 
The target ground, of which the samples were used for unconfined and triaxial 
compression tests is shown in Photo 6.1. The rock mass in this ground is Cretaceous 
period sandstone with moderately weathering. Small cylinder samples with diameter of 
1.5cm and height of 3.0cm were taken from this ground, some of which after tests are 
shown in Photo 6.2. Most of the fractures generated during compression in these 
samples are types (a) and (b) as demonstrated in Fig. 2.4. The mean unconfined 
compressive strengths of them are around 18MPa.  
The numerical model by using EDEM to account for the behaviour of rock in 
unconfined compression tests are shown in Fig. 6.4. The hexagonal blocks were 
generated in the model with various side lengths L to estimate the influence of hexagon 
size on the mechanical behaviour of model so as to obtain the optimum size for this 
model. The physico-mechanical properties of the rock samples used in simulation were 
obtained from the unconfined and triaxial compression tests as shown in Table 6.1. The 
properties of potential cracks are carefully chosen by calibrations to ensure that before 
the potential cracks change to real cracks (i.e. crack initiation), the model behaves 
identically to the rock samples. When a rock is subjected to loads, the pores and 
micro-cracks existing within it will be compressed and consolidated. For an EDEM 
model, before crack initiation, the potential cracks are merely hypothetic paths without 
actually existing in the model, therefore, their effects to the mechanical behaivour of 
model must be eliminated. However, the compression of potential cracks can also 
represent the consolidation of pores and micro-cracks if their size and properties are 
carefully chosen, such model could be more realistic for a simulation to intact rock 
blocks. The properties of potential cracks and newly generated cracks are shown in 
Table 6.2.  
Comparisons of the simulation results and experimental results of the stress-axial 
strain curves are demonstrated in Fig. 6.5. The best fit of stress-strain curve can be 
found when L=0.0001m. The fracture character in the model of this case is illustrated in 
Fig. 6.6, which belongs to fracture type (2) (see Fig. 2.4) and is similar to that 
demonstrated in Photo 6.2. The mechanical properties of potential cracks and the size of 
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hexagonal blocks of this case can be used as a standard to calibrate other simulation 
models.  
Unconfined compression tests were also conducted on a number of test pieces with 
dimensions as shown in Fig. 6.7, with a flaw dips at angles of 30°, 45° and 60°, 
respectively, manufactured by using artificial materials containing plaster, sand and 
water with blend ratio of 1:3:0.4. A model contains two parallel flaws dipping at 45° 
was tested to account for the interaction of flaws in a failure process. Since the initiation 
and propagation of wing cracks in such models have been extensively discussed in 
many literatures (e.g. Wong et al., 2002) and the purpose of carrying out these tests is to 
verify the EDEM approach, herein, only the comparisons of test results and simulation 
results are presented, without further discussions on the cracking mechanisms.  
The photos of the test pieces after failure with different dip angles of flaws and the 
simulation results of their cracking processes are demonstrated in Fig. 6.8. The failure 
mode of a test piece is strongly affected by the length-width ratio of the specimen and 
the dip angles of flaw as well as its mechanical properties especially the Poisson’s ratio, 
which can be examined by simulations but not by tests since all the test pieces used the 
same artificial material in this study. Tension failure generally happens in all cases at 
the initial stage of failure, forming wing cracks at the two edges of the flaw. Then the 
tension cracks extend towards the upper and lower boundaries of the specimen, 
accompanied with shear failures. The constraints at the upper and lower boundaries of 
the test pieces can strongly affect the cracking paths in terms of changing the failure 
modes. In tests, teflon sheets were set among the test pieces and the load cell at the 
upper and lower boundaries to minimize the lateral constrains. In simulations, however, 
such constraints were not eliminated, which have restricted the tension cracks 
penetrating the test pieces, arriving at the upper and lower boundaries. The cracking 
paths at the upper and lower halves of test pieces are not always identical due to the fact 
that once a crack penetrates the test piece at either the upper or the lower halve, the 
cracking mode on another halve changes due to the change of stress distribution, thus 
propagates in different paths. The unconfined compressive strength and the elastic 
modulus of the tests and simulations are compared as shown in Fig. 6.9. The results in 
Figs. 6.8 and 6.9 show that the cracking paths and failure modes as well as the values of 
unconfined compressive strength and the elastic modulus obtained from simulations by 
using EDEM fit fairly well with the test results, revealing the potential of applying 
EDEM to other engineering problems involving the phenomena of cracking.  
 
 





Photo 6.1 View of the ground providing samples for unconfined compression test and 





Photo 6.2 Samples after unconfined compression tests. (a) SP-2, (b) SP-3. They have 







































Fig. 6.5 Comparisons of the simulation results and experimental results of the 









Table 6.1 Physico-mechanical properties of rock samples in unconfined and triaxial 
compression tests. 
 
Physico-mechanical properties Index Unit Value 
Density ρ g/cm3 2.25 
Compressive strength σc MPa 19 
Modulus of elasticity Es MPa 6100 
Poisson’s ratio ν - 0.19 
Tensile strength σt MPa 1.99 
Cohesion c MPa 3.35 




Table 6.2 Mechanical properties of potential and new cracks. 
 
Item Unit Potential 
cracks 
New cracks 
Shear stiffness (Ks) MPa /m 1.0×10
5 9.3×102 
Normal stiffness (Kn) MPa /m 1.0×10
5 2.506×104 
Cohesion force (cj) MPa 100 0.006 
Friction angle ( j ) deg. 80 13.2 

















Fig. 6.6 Mechanism of the failure phenomenon taking place inside the tested rock block, 
(a) at peak stress, (b) after peak stress. Note that the potential cracks have been deleted 
























Fig. 6.8 Photo of the test piece after failure (a), and the cracking process in simulations 
at the initial stage of cracking (left in (b)), 80% of peak stress (center in (b)) and at peak 








Fig. 6.8 (continued) Photo of the test piece after failure (c), and the cracking process in 
simulations at the initial stage of cracking (left in (d)), 80% of peak stress (center in (d)) 









Fig. 6.8 (continued) Photo of the test piece after failure (e), and the cracking process in 
simulations at the initial stage of cracking (left in (f)), 80% of peak stress (center in (f)) 
and at peak stress (right in (f)) with a flaw dips at 30°. 
(e) 
(f) 





Fig. 6.8 (continued) Photo of the test piece after failure (g), and the cracking process in 
simulations at the initial stage of cracking (left in (h)), 80% of peak stress (center in (h)) 
and at peak stress (right in (h)) with two parallel flaws dip at 45°. 
(g) 
(h) 




Fig. 6.9 (a) Comparison of peak stresses from tests and simulations, (b) comparison of 
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6.2.2 Triaxial compression test simulation 
 
A new in-situ triaxial compression test approach was developed by Kyushu Electric 
Power Co., Inc. The tests were carried out at the same ground with the unconfined 
compression tests and the mechanical properties of the samples are also identical to that 
described in Tables 6.1 and 6.2. One sample was taken as prototype in numerical 
simulation, which is 38cm in diameter and 100cm in height with a number of 
pre-existing fractures (see Fig. 6.10). The loading rate is 50kPa/min and the lateral 
stress is 0.2MPa in the in-situ test on this rock sample. The peak stress is around 
1.5MPa at a strain of about 1.3%.  
A main fracture plane exists in the sample with a dip angle of 75°, and two other 
fracture planes with smaller dip angles (less than 30°) intersect this fracture plane at 
upper and lower positions (Fig. 6.10). This distribution of rock fractures was extracted 
from the sketch of sample surface after tests. Therefore, a portion of these fractures can 
be new cracks generated during the test and they should be treated as potential cracks in 
the numerical model. These potential cracks were identified by comparing the sketches 
of the periphery wall and the sample surface after test (see Fig. 6.10c). Note that only 
the cracks that have participated in the failure of sample have been marked in this figure 
thus the cracks identified on the sketch of sample surface (red line) are less than that 
identified on the sketch of periphery wall. Based on this sketch, a few numerical models 
were constructed with or without considering the cracking as demonstrated in Fig. 6.11. 
Model (a) is a basic model using the crack distributions after test and no cracking 
process is taken into account. The existence of a number of small and thin cracks 
(smeared cracks) was confirmed in the intact part of rock sample with random 
orientations but with average spacing around 0.03m. To account for their effects to the 
mechanical behaviour of the rock sample, hexagonal rock blocks were generated in the 
model (b), since the cracks in such a model can in some content represent the random 
distribution characteristics of the pre-existing small cracks. Finally, cracking process 
was considered in model (c) according to the possible positions of cracking as shown in 
Fig. 6.10c. Totally 6 cases were numerically studied based on these 3 models, among 
which, case 1 and case 2 correspond to model (a) and model (b) with lateral stress of 
0.2MPa, respectively. Case 3 to case 6 correspond to the lateral stresses of 0.2MPa, 
0.55MPa, 0MPa and 1.0MPa, respectively based on model (c). 
The simulation results of the 6 cases are shown in Fig. 6.12. In case 1, in the elastic 
stage of loading, the elastic modulus of simulation is quite larger than that behaved in 
tests. In this model, the sample is simply divided into 5 blocks, and the pre-existing 
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small cracks within each intact block have not been taken into account. The stress-strain 
curve is very smooth, indicating that the deformation happened in the simulation is 
merely the slips on the pre-existing fractures and therefore no obvious peak stress can 
be observed (Fig. 6.13a). In case 2, by introducing the small cracks (forming hexagonal 
rock blocks) to the intact parts of model (a), the elastic modulus of simulation as well as 
the differential stress fit better to the test results. Best fit with the test results can be 
found in case 3, by synthetically considering the pre-existing fractures and small cracks 
as well as the new crack generation at several individual positions. As load increases, 
the closure of pre-existing cracks takes place, which reflects the consolidation of pores 
and micro-cracks in the intact blocks in a compression test as depicted in Section 2.1.1. 
As the cracks initiate approaching the peak stress, failure happens in the areas where 
failure criterions have been satisfied and slips on main fractures take place (Fig. 6.13c). 
In the residual stage, failure zones extend to larger areas accompanied with continuous 
slip on main fractures. The opening and slips among hexagonal rock blocks also take 
place especially in the residual stage as can be seen in Figs. 6.13 (b) and (c), forming a 
few damaged zones, the positions of which were confirmed identical to that happened 
on the rock sample after tests. Due to the effect of confining stress, the stress-strain 
curves in the test do not behave sudden drops after peak stress comparing to the 
unconfined compression tests. The peak stress increases proportionally with the increase 
of confining stress (lateral stress), the Mohr-Coulomb’s circles based on the test and 
simulation results are demonstrated in Fig. 6.14, in which the parameters c and  
obtained from the two circles have close values. Since test conditions such as confining 
stress of 1.0MPa are difficult to apply in the in-situ tests but can be evaluated by 
numerical simulations, the proposed numerical simulation can be an effective method to 















Fig. 6.10 (a) Photos of sample taken at 4 orientations, (b) sketch of the main cracks 
along which failure happened during test corresponding to the orientation of 270° in (a). 
(c) Crack distributions before and after test and the possible positions cracking had 
happened. 
270° 180° 90° 0° 
(a) 
(b) 
      Crack distribution before test 
      Crack distribution after test 
      Crack distribution used in 
numerical models 
Positions where new cracks 
may be generated 
(c) 




Fig. 6.11 Numerical models for the triaxial compression test. (a) Model based on the 
sketch of sample with a profile at 270° as shown in Fig. 6.10, (b) model considers the 
micro-cracks existing in the intact part of the sample, (c) models considers the cracking 





Fig. 6.12 Comparisons of the differential stress-axial strain curves obtained form tests 
and simulations.  





























In situ test 
In situ test 












Fig. 6.13 The forms of different models before (left) and after (right) failure. (a), (b), (c) 












Fig. 6.14 Mohr-Coulomb’s circles drawn by in-situ test results (1) and numerical 




6.3 Simulations of in-situ compression tests on jointed rock masses  
 
6.3.1 Ground condition and experimental results 
 
In a nuclear power plant construction site in Japan, in which discontinuities with large 
dip angles dominate (i.e. larger than 45°), the secant elastic modulus obtained from the 
in-situ rock compression test (radial jacking test) is reckoned as 500-1,700MPa with 
negligible anisotropy, which is relatively small comparing to the average value of 
similar hard rocks. This rock mass has continuous ‘large-angle’ (dip angle larger than 
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(1) In situ test   2.36tan16.0   
(2) Simulations  6.39tan118.0   
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45°) rock joints with the range of dip angles of 60°-90°. The spacing of these joints in 
the in-situ rock compression test No.1 ranges 5cm-20cm (average 10cm), and for the 
in-situ rock compression test No.2 is 3cm-10cm (average 5cm). Herein, rock 
compression tests No.1 and No.2 are two groups of tests conducted at different positions 
in the field. Based on the in-situ survey on the rock mass, the orientation (strike, dip 
angle) of rock joints is plotted in counter diagram on the lower-hemispherical projection 
as shown in Fig. 6.15. The concentration of large-angle joints can be confirmed in these 
figures and the mean dip angle of them is around 75°. The surface conditions of these 
rock joints are slightly weathered with little in-filled materials. Fig. 6.16 shows the 
sketch of core sample excavated for mechanical tests and to assess the distribution 
characteristics of discontinuities. Besides the large-angle rock joints, a number of 
small-angle (i.e. smaller than 45°) joints can be clearly confirmed in these sketches that 
almost vertically intersect the large-angle joints. The spacing of these small-angle joints 
is around 2 times of that of the large-angle joints.   
The mechanical properties of intact rock were estimated by carrying out compression 
and tension tests on the rock samples taken from the in-situ compression test ground. 
The mechanical properties of discontinuities were estimated by conducting normal 
loading test and direct shear test on the samples taken from the ground. Tables 6.3 and 
6.4 show the mechanical properties of intact rock and discontinuities from these tests, 
respectively. 
3 cases of vertical loading tests at differing portions of the rock mass in rock 
compression test 1; 3 cases of vertical and 3 cases of horizontal loading tests at differing 
portions of the rock mass in rock compression test No.2, respectively, were carried out. 
The loadings started from 0MPa gradually being increased up to 1.5MPa and then 
decreased to 0. Such loading circles repeated 4 times and the secant elastic modulus 
evaluated from the 2-4th circles were compared with former test results as shown in Fig. 
6.17. According to the in-situ survey results, the rock in compression test No.1 can be 
classified into CH class and compression test No.2 can be classified into CM class, 
respectively. Herein, rock classification like CH class and CM class are referred to 
CRIEPI standard extensively used in Japan. The test results of the two sites are much 
lower than the mean values of the rock masses categorized into the two classes, almost 
equivalent to the lower limit values. Moreover, the test results of vertical and horizontal 
loadings have no obvious differences, indicating that the anisotropy of the tested rock 
mass is small. 
 
 




Fig. 6.15 Orientation distribution of the discontinuities in the target ground at different 





Fig. 6.16 Examples of the core sample sketches. (a) Compression test No.1, (b) 
compression test No.2. 
 
(a) N15E72W (4.4%) (b) N75E72W (4.4%) 
5cm 
5cm 
(a)  (b)  





Fig. 6.17 Comparison of the compression test results (E) in this study with former test 









Compression test No. 1 (vertical direction) 
Compression test No. 2 (vertical direction) 








① ② ③ ④ ① ② ③ ④ ① ② ③ ④ 
Class B Class CH Class CM 
① Nuclear power plant       ② Dam 
③ Underground opening      ④ Bridge 
Coupled Shear Flow and Deformation Behaviour of Fractured Rock Mass 
 
 186
Table 6.3 Physico-mechanical properties of intact rock for in-situ compression and 
shear test simulations. 
 
Physico-mechanical properties Index Unit Value 
Density ρ g/cm3 2.66 
Modulus of elasticity Es MPa 71000 
Poisson’s ratio ν - 0.18 
Tensile strength σt MPa 10.2 
Cohesion c MPa 22.3 




Table 6.4 Mechanical properties of rock joints for in-situ compression and shear test 
simulations. 
 
Item Unit Value 
Shear stiffness (Ks) MPa /m 3.22×10
3 
Normal stiffness (Kn) MPa /m 3.178×10
4 
Cohesion force (cj) MPa 0.027 
Friction angle ( j ) deg. 35.9 




6.3.2 Simulation results  
 
1) Evaluation of rock deformability based on the model with regularly distributed rock 
joints 
According to the aforementioned characteristics of the target rock mass, the large-angle 
joint set (set 1) and the small-angle joint set (set 2) were reproduced in the numerical 
model as shown in Fig. 6.18. Herein, set 1 is orthogonal to set 2. A DEM code-UDEC 
was employed in the numerical simulations. Parameter studies were conducted in 
simulations by keeping the ratio of the spacing of set 1 (t) to the spacing of set 2 (b) 
unchanged with b/t=2, changing t to 3, 5, 10, 20cm and changing the slope of set 1 () 
to 0°, 15°, 30°, 45°, 60°, 75°, 90°, respectively, leading to 28 simulation cases. 





Fig. 6.18 Numerical model with regularly distributed joints based on the survey data of 




Moreover, to estimate the influence of the density of set 2 on the deformability of the 
rock mass, 3 cases by changing b/t to 0(only set 1), 1, 3 were carried out. The loading 
pattern used in simulations is depicted in Fig. 6.19, identical to the in-situ test 
procedure.  
Intact rock in the model is treated as an elastic-perfectly plastic material that follows 
Mohr-Coulomb failure criterion. Slip failure of the rock fracture is also governed by the 
Mohr-Coulomb criterion. Among the simulation cases, the cases b/t=2, =75°, t=5cm 
and 10cm correspond to the in-situ conditions. Their stress-displacement relations are 
compared to the test results as shown in Fig. 6.20. The stress-displacement relations of 
numerical simulations are close to the mean behaviour of the 3 experimental results and 
the residual displacements in the 2~4th loading circles in simulations are also close to 
the tested results, demonstrating that the numerical simulations provide rational 
predictions to the behaviour of rock mass in compression tests. The secant elastic 
modulus of rock mass can be evaluated from the mean value of the 2-4th loading circles 
by using the following equation: 
：Set 1 ：Set 2 
Loading plate 
























              (6.7) 
 
where Es is the secant elastic modulus (MPa), ΔP is the increment of normal loading 
(MPa), Δ is the increment of displacement (mm),  is Poisson’ ratio, and a is the radius 
of loading plate (mm). Fig. 6.21 shows the relations of secant elastic modulus to the dip 
angles of rock joints from numerical simulations and their comparisons to the 
experimental results. The experimental results of rock compression test No.1 are located 
in the range of t=5-20cm of the simulation results and rock compression test No.2 are in 
the range of t=3-10cm as shown in the figure. The mean values of experimental results 



















Fig. 6.20 Comparisons of the stress-displacement curves obtained from tests and 
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Fig. 6.22 Relationship of dip angle with the secant elastic modulus (b/t=0). 
t=10cm t=5cmt=20cm 





















































































not obvious with the change of dip angles  at low t values but slightly decrease from 
large-angle joints to small-angle joints at large t values, indicating the negligible 
anisotropy of the rock mass. The results when only fracture set 1 has been taken into 
account in the numerical model (i.e. b/t=0) are shown in Fig. 6.22. The simulation 
results are much greater than experiments and the secant elastic modulus changes 
remarkably with the dip angle . Fig. 6.23 shows the cases by fixing t to 10cm and 
changing b/t to 1, 2, 3. The secant elastic modulus increases with the increase of b/t and 
changes significantly with dip angles . These results reveal that besides the continuous 
joint set 1, the intermittently distributed joint set 2 also plays an important role in the 
deformability of the rock mass. 
Fig. 6.24 shows the stress vector diagrams of the cases t=10cm, =15°, 45°, 75°, for 
the models with b/t=0 and b/t=2, respectively. When b/t=0, stresses transmit in the 
parallel and vertical directions to the rock joints. For the small-angle case, stresses 
transmit mainly vertically to the joint planes, and for the large-angle case, the stresses 
transmit mainly along the fracture planes, going deep in the rock mass. The same 
tendency can be found in Fig. 6.24b when joint set 2 exists, indicating that the 
transmission direction of stress is greatly ruled by the rock joint set with large  
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persistence. For the jointed rock mass constituted by hard intact rocks like the rock mass 
in this study, its mechanical behaviour is largely affected by the joint density within the 
stress transmission range. In the case b/t=0, the density of rock joints in the stress 
transmission range of small-angle joint case is larger than the large-angle case, therefore, 
the elastic modulus of former one is smaller than the later one, exhibiting significant 
anisotropy. On the other hand, due to the existence of joint set 2, the densities of joints 
vary little between the large-angle case and small-angle case, which decreased the 
anisotropy of the deformability of rock mass. For the large-angle cases in both figures, 
the stresses mainly concentrate beneath the loading board, exhibiting larger elastic 
modulo than the small-angle case. The density of joints in stress transmission range in 
the cases =45° become maximum, consequently, as can be seen in Figs. 6.21, 6.22, 
6.23, the elastic modulo of these cases become minimum comparing to other angles. 
 
2) Evaluation of the influence of deviation of discontinuity distributions on the rock 
mass deformability  
In the last section, numerical simulations on regularly distributed fracture models were 
conducted. The simulations provide good predictions to the elastic modulus of target 
rock mass and can explain the influences of density and dip angle of rock joints on the 
deformation behaviour of rock mass. In the natural ground, however, the rock joints are 
not regularly distributed, but with deviations existing in their spacing, gaps and dip 
angles. These deviations need to be taken into account in the numerical model to give a 
better interpretation to the deformability of natural rock masses.  
At here, based on the case t=10cm, b/t=2, =75°, considering the deviations of the 
spacing and dip angles of fractures to the mean values, a number of models with 
randomly distributed rock joints were executed in simulations. The mean value and 
deviations of joint distributions of the target rock mass are described in Tables 6.5 and 
6.6 according to the in-situ survey data, which show that the deviation of the spacing of 
joints is large and the deviation of dip angles is relatively small. Using the coefficient of 
variance in the Table 6.6, the standard deviations of spacing and dip angle were 
evaluated, which were then used as parameters to construct the random models. Herein, 
totally 5 cases of random models were generated and executed as demonstrated in Fig. 
6.25. The simulation method, loading pattern and other setting are identical to that of 
the regular model as described in the former section. The results of the 5 cases of 
random models, regular model and experimental results are compared as shown in Fig. 
6.26. A maximum variance of 15% exists for the random cases comparing to the regular 
case, but this variance is within the range of experimental results, indicating that the 
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regular model can be used to predict the mean deformation behaviour of the rock mass, 
and the random models can be used to quantify the range of elastic modulus that the 





Table 6.5 Deviation of rock joint distributions based on in-situ survey. 
 
 Interval (cm) Gradient of angle (°) 
Average 2.2 76.0 
Standard deviation 8.0 6.7 
Coefficient of variance 65.8 8.8 




Table 6.6 Parameters used in constructing random models. 
 
Item Average Standard deviation 
Set 1 interval t (cm) 2.2 76.0 
Set 1 dip angle  (°) 8.0 6.7 
Set 2 interval b (cm) 65.8 8.8 


















Fig. 6.25 Illustration of the models where joints are randomly distributed based on the 
in-situ survey data of discontinuities.  
Random model (1) 
Random model (3) Random model (4) 
Random model (2) 
Random model (5) 




Fig. 6.26 Comparisons of the results of the 5 cases of random models, 1 case of regular 
model and experimental results. Random models and regular model correspond to the 




6.4 Simulations of in-situ shear tests on jointed rock masses 
 
6.4.1 Simulation condition and procedure 
 
In-situ shear tests were conducted at the same ground with in-situ compression test No.2 
as described in the Section 6.3. The numerical model of the in-situ shear tests is 
demonstrated in Fig. 6.27, in which two sets of rock joints (set 1 and set 2, see Fig. 
6.18) exist with orientations orthogonal to each other. The mechanical properties of the 
intact rock and rock joints are identical with the in-situ compression tests since they 
were tested at the same ground.  
 
 








































Fig. 6.27 Numerical model for the in-situ shear test. (a) Total view of the loading 
scheme and joint distribution, (b) close view of the block dimension divided by joint 
sets 1 and 2. 
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To estimate the effect of shear direction on the behaviour of rock mass, simulations 
on the models with shear loads applied from two opposite directions were carried out as 
demonstrated in Table 6.7. Herein, the case where the angle between shear direction and 
the direction of joint set 1 is 115° is labelled as SD1 and the case where such angle is 
75° is labelled as SD2. Two kinds of initial normal stresses with values of 0.4MPa and 
1.2MPa were applied to the shear plate respectively and were kept constant during the 
shear processes. The shear load T (see Fig. 6.27) was increased by an interval of 
0.062MN step by step, and the tests ended when the shear displacement exceeded 
30mm. To evaluate the influence of deviation of discontinuity distributions, besides the 
‘regular model’ (Fig. 6.27), a few ‘random models’ (Fig. 6.28) were simulated based on 
the rock joint distributions in regular model by introducing the deviations as described 
in Table 6.5 and Table 6.6.  
 
6.4.2 Simulation results 
 
1) Regular model 
Comparisons of the normal displacement-shear displacement curves and shear stress 
-shear displacement curves from experiments and simulations are shown in Figs. 6.29 
(a) and (b), respectively. Note that in experiments, only two cases of SD1 with normal 
stresses of 0.4MPa and 1.2MPa were conducted. In all the cases, the shear strength of 
rock mass increases with the increase of normal stress and the dilation (normal 
displacement) is inhibited at higher normal stress. There are obvious differences 
between the results of SD1 and SD2 in shear stress-shear displacement curves, in which, 
cases of SD2 exhibit much larger shear stresses than the cases of SD1.  
  The stress vector, displacement vector and shear slip diagrams are demonstrated in 
Fig. 6.30 and Fig. 6.31 for the cases of SD1 and SD2, respectively, under normal stress 
of 0.4MPa, at 1MPa interval of shear stress for SD1 and 2MPa interval for SD2 during 
shear. Separations by tension failure, slips by shear failure and safety factor 
distributions for the cases SD1 and SD2 under normal stress of 0.4MPa when shear 
displacements reach 30mm are demonstrated in Fig. 6.32. Herein, safety factor f is 
evaluated by using the Mohr-Column failure criterion as depicted in Chapter 2. The 
safety factor has been divided into 3 stages (1-1.5, 1.5-2, 2-5) presented in different 
colors in the figure to clearly demonstrate the failure conditions in different models.  
For the cases of SD1, separations of rock joints along joint set 1 take place after peak 
shear strength at the position underneath the back face of loading plate, concentrating at 
a major ‘separation plane’. Herein, back face of loading plate stands for the face of plate 
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where shear load is applied and the front face means the opposite side. On the other 
hand, for the cases of SD2, as shear stress increases, separations happen between joint 




Table 6.7 Numerical models and parameters for joint distributions for the simulation of 









Fig. 6.28 One example of random models of shear test for evaluating the effect of 
deviation of discontinuity distributions. 
Rock joints 
Set 1 Set 2 
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Fig. 6.29 Comparisons of the normal displacement-shear displacement curves (a) and 
shear stress -shear displacement curves (b) from experiments and simulations based on 
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Fig. 6.30 The stress vector, displacement vector and shear slip diagrams for the case 
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Fig. 6.31 The stress vector, displacement vector and shear slip diagrams for the case 
SD2 under normal stress of 0.4MPa during shear at 2MPa interval of shear stress. 
Stress vector 
Displacement vector  
Shear slip on joints 
Stress vector 
Displacement vector  
Shear slip on joints 
(c) Shear stress τ=5.0MPa 
 
(d) Shear stress τ=7.0MPa 
 





Fig. 6.32 Separations by tension failure, slips by shear failure and safety factor 
distributions for the case SD1 (a) and SD2 (b) under normal stress of 0.4MPa when 
shear displacements reach 30mm. 
Separation       slip 
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As demonstrated in the stress and displacement vector diagrams, for the case of SD1, 
the principal stress directions in the rock mass underneath the loading plate are almost 
identical to the shear direction and these rock blocks move together with the loading 
plate in almost horizontal direction. On the contrary, stresses concentrate at the lower 
corner of the front face of loading plate in the case of SD2 and the rock mass 
underneath loading plate rotate with the loading plate around this corner. Rock joint 
slips in SD1 are broadly distributed to the deep portion in the rock mass underneath and 
in front of the loading plate, mainly along joint set 1. For SD2, The slips of rock joints 
mainly concentrate at the portion underneath the front corner of loading plate and the 
portion where separations of rock joints take place. Furthermore, the dilation of SD1 
happens quickly after the shear starts, but for SD2, dilation happens after a considerable 
stage of minus dilation (Fig 6.29b). As demonstrated in Fig. 6.32a, the low safety factor 
zone concentrates at a triangular region starting from the front corner of loading plate to 
the left boundary, indicating that the shear load in SD1 mainly trends to push the rock 
blocks in front of the loading plate. For SD2, the low safety factor zone is located in a 
lower position in the model comparing to SD1, exhibiting different stress transmission 
directions with SD1. Since joint set 1 has higher density than set 2, the compression of 
joint set 1 plays an important role in the shear behaviour of SD2, in which the direction 
of shear stress is nearly perpendicular to the orientation of joint set 1. 
  As demonstrated in Fig. 6.29, the simulations of SD1 provide good agreements with 
the shear experiments. However, in Fig. 6.29a, in the residual stage, the curves of 
simulation results continuously increase and exceed the experimental results at around 
10mm of shear displacement for the case σn0=0.4MPa and around 15mm for the case 
σn0=1.2MPa, showing that the rock mass in experiment has stronger strain softening 
characteristics than the simulations. In experiments, the failures of intact rock blocks 
have been confirmed after tests, which could have induced this difference of shear 
behaviour in the residual stage between experiment and simulation, since in simulations, 
no failure of intact rock blocks were conformed due to the large cohesion c adopted in 
the simulations.   
 
2) Random model 
Comparisons of the normal displacement-shear displacement relation and shear stress 
-shear displacement relation from experiments and simulations on random models are 
shown in Figs. 6.32 (a) and (b), respectively. The random models provide better fit to 
the experimental results than the regular model. The random models have an assembly 
of rock blocks with different sizes and shapes, the combination of which provides more 
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abundant opportunities for the onset of slip or separation of rock joints. This character 
of random model can help gain strain softening behaviour in the residual stage like that 
happened in experiments. Since the regular model has advantage in evaluating the 
statistical properties of joint distribution and their influences to the mechanical 
behaviour of rock mass, in a simulation to jointed rock mass in future studies, regular 
model can be used as a basic approach to obtain the behaviour of rock mass before peak 
accompanied with a few random cases to give better representation to the behaviours in 


































Fig. 6.32 Comparisons of the normal displacement-shear displacement curves (a), and 
shear stress-shear displacement curves (b) from experiments and simulations based on 
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CHAPTER 7  
 





7.1 Comparisons of deformation behaviour from field measurements and 
numerical simulations 
 
7.1.1 Field layout  
 
Nowadays, the behaviour evaluations of large-scale underground openings are generally 
conducted by using numerical simulations with 3-D models. In some circumstances (e.g. 
the section shape of opening is regular, the in-situ stresses are vertical or parallel to the 
opening axis), the 2D simulations (e.g. 2D DEM) could also be a useful tool to help 
understand the performance of typical section of opening, especially to assess the local 
deformation behaviours in the sections with unfavorable ground conditions like joints 
encountering the opening wall. The reliability of the analytical results by using 2-D 
DEM depends very on the accuracy of input mechanical properties and geometrical 
distribution of discontinuities. In this thesis, the excavation process of the opening of a 
pumped storage power plant was reproduced and the discontinuities distributed in the 
host rock masses of this opening were modeled according to the geological data by 
using the distinct element code UDEC. 
Modelling object of this study is the powerhouse of Omaru pumped storage power 
plant located in Miyazaki prefecture, Japan. This underground powerhouse is 425m in 
depth from the ground surface (the apex of the mountain encompassing the opening) 
with a warhead shaped cross-sectional profile as shown in Fig. 7.1. The height, width 
and length of the powerhouse are 48m, 24m and 187m, respectively. The excavated 
volume of rock mass is around 160,000m3 and the maximum cross section area is about 
1,000 m2. Four power generators, each one has a generating capacity of 300,000KW 
(totally 1.2 million KW) and two transformers are installed in the powerhouse. The 
opening is located in slightly weathered granodiorite, the main part of which was 
classified as class CH with a few discrete parts classified as CM according to the rock 
mass classification standard of Japan. The unconfined compressive strength of the CH  





Fig. 7.1 Illustration of the location and dimension of the object cavern in this study and 
the boundary conditions of the numerical model considering the initial ground stresses. 
(a) Sketch view of the powerhouse. The sections A and B are chosen to generate 
numerical models, (b) location of the study area and boundary conditions of the 
numerical model, where PH and PV are vertical and horizontal pressures, K0 is the 
coefficient of lateral pressure.  
 
 














Measuring point of 
initial ground stress 
(b)  
(a)  
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type intact rock is 170 MPa. The strike of the opening axis is N10°E. The measured 
initial ground stresses are as follows: (1) 1=6.0±2.1MPa, strikes N96°E and dips 77°; 
(2) 2=4.2±2.1MPa, strikes N1°W and dips 2°; (3) 3=3.4±2.1MPa, strikes N91°W 
and dips 13°. Overcoring method was used to measure the in-situ stresses and the 
location of measuring point is marked in Fig. 7.1a. The principal ground stress has a dip 
angle less than 90° and its magnitude is much smaller than that calculated by the 
overburden weight due to the highly uneven ground surface as shown in Fig. 7.1b. The 
orientation of the principal ground stress is almost vertical to the opening axis, which 
permits the modelling of opening in 2-D without generating large moments on the 
studying plane. The total performance of the opening was assessed by 3-D simulation 
using code FLAC3D. To deepen the understanding of the deformation behaviour on 
typical sections and the influence of discontinuities on local deformations, 2-D 
simulations on sections A and B of the opening (see Fig. 7.1a) were carried out by using 
UDEC. The boundary conditions of the 2D model are shown in Fig. 7.1b. The upper and 
left boundaries of the model were set to stress boundary conditions with a coefficient of 
lateral pressure k0=0.6. Roller boundaries were applied to the right and bottom sides to 
uphold the model. 
   
7.1.2 Properties of rock masses and discontinuities 
 
In some former studies, especially some continuum-based analyses, the properties of 
rock masses and discontinuities obtained from experiments are generally experienced 
modifications to satisfy the requirements of numerical program and to generate ‘closer’ 
analytical results to the field. However, such treatments easily bring confusion to other 
engineers since these property values have become empirical ones thus they cannot 
truthfully reflect the in-situ conditions. To constitute a common assistant method to the 
construction of underground structure, in this study, the properties of rock masses and 
discontinuities of the target opening adopted in the numerical analysis used the values 
directly obtained from the in-situ and laboratory experiments.  
The mechanical properties of the rock masses and discontinuities in the construction 
site are shown in Tables 7.1 and 7.2. The properties of rock masses were obtained from 
in-situ triaxial compression test. A high performance direct shear test apparatus as 
described in Section 3.2.1, which supports the shear tests under both Constant Normal 
Load (CNL) and Constant Normal Stiffness (CNS) boundary conditions, was adopted to 
evaluate the mechanical properties of the rock joints in the field. The CNS boundary 
condition accommodates the change in normal stress caused by the dilation of rock 
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joints during a shear process, and therefore provides more realistic representation for the 
rock fractures in deep underground. Plaster-based materials were used to cast the 
surfaces of three typical rock fractures and generated three artificial rock modules. 
Plenty of artificial rock specimens were then manufactured based on these modules, by 
using which, more than 50 cases of shear tests were carried out under various normal 
stress and normal stiffness conditions as presented in Chapter 3 (Jiang et al., 2001; Jiang 
et al., 2004). By doing so, the typical mechanical properties (mean values) of the rock 
fractures in the construction site were obtained. Given that the discontinuities in this site 
are slightly weathered and the number of faults in sections A and B is much smaller than 
the joints, the properties of faults and joints have been assumed to be coincident to 
simplify the modelling of discontinuities. Intact rock in the model is considered as an 
elastic-perfectly plastic material that follows Mohr-Coulomb failure criterion. Slip 
failure of the rock joint is also governed by the Mohr-Coulomb criterion. Before 
excavation, equilibrium under the gravity of rock mass in the study area and the 
boundary conditions subjected to the stresses from the surrounding rock masses were 
achieved to consolidate the blocks in the model.  
 
 










Table 7.2 Mechanical properties of rock joints. 
 
Item Unit Value 
Shear stiffness (Ks) MPa /m 5.62×10
3 
Normal stiffness (Kn) MPa /m 1.17×10
4 
Cohesion force (cj) MPa 0 
Friction angle ( j ) deg. 20 
Tension strength (σj) MPa 0 
Item Unit Value 
Unit volume weight (γ) kN/m3 27.1 
Modulus of elasticity (E) MPa 20000 
Poisson’s ratio (ν) - 0.23 
Cohesion force (c) MPa 1.6 
Tensile strength (σt ) MPa 0.22 
Basic friction angle () deg. 60 
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7.1.3 Modelling of discontinuities 
 
In general, the geometrical distribution characterization of discontinuities is a 
fundamental query to complete a reliable discontinuous rock mass model. To satisfy the 
requirements of the prior design of the underground opening, site surveys were carefully 
planned to characterize the geometrical and geological properties of discontinuities. An 
investigation tunnel was firstly excavated above the planned opening. Depending on 
this tunnel, a boring survey system was established to collect the relevant in-situ 
geological information. Four geometrical characteristics: (1) orientation, (2) numbers, 
(3) trace length, and (4) spacing, were determined for each joint set. The distributions of 
discontinuities in the construction site and in section A and section B are illustrated in 
Fig. 7.2. Besides the discontinuities in prior survey, in section A, a set of rock joints was 
identified during the arch excavation. The joints distributed near the two sidewalls were 
identified according to the sidewall borehole camera data during the bench excavation. 
A number of rock joints have also been found during excavation in section B although 
the number of discontinuities in section B is few comparing to that of section A. Since 
the newly found (sometimes newly generated) rock joints during excavation could 
significantly influence the performance of opening, the discontinuity distributions in 
numerical model should be updated during the excavation to improve the prediction 
accuracy, which will be discussed in the next chapter in detail. In UDEC program, each 
joint in Fig. 7.2 can be easily reproduced in a model by deciding the starting point, 
length and dip angle. The rock joint set can be easily modelled by assigning the dip 
angle, trace length, gap and spacing values. It should be noted that the non-persistent 
joints in UDEC model will be deleted when model execution begins. To overcome this 
problem, several fictitious joints connecting the heads of non-persistent joints to the 
boundary of model were generated. After several attempts, the orientations and 
mechanical properties of these fictitious joints were carefully chosen to minimize their 














Fig. 7.2 The distribution of discontinuities in the construction site and identified in 
different phases of construction in sections A and B. (a) Distribution of discontinuities 
in the construction site, (b) distribution of discontinuities in section A and B. 
Discontinuities identified in prior survey
Discontinuities identified in arch excavation 
Discontinuities identified in bench excavation 
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7.1.4 Excavation process and reinforcement pattern 
 
The reinforcement system and bench-cut excavation process used in this project are 
illustrated in Fig. 7.3. Rock bolts and prestressed anchors were used as reinforcements 
with a placing pattern as shown in Fig. 7.3b. Rock bolts were installed in a pattern of 
2m×2m grid over the entire arch and a 3m×2m grid on the two sidewalls.  
The excavation process is illustrated in Fig. 7.3a. A pilot hole was drilled at the 
center of the arch at the first step. Then the left and right parts of arch were excavated in 
the steps 2 and 3. After that, bench excavation was carried out orderly from step 4 to 
step 16. The excavated height in bench excavation in each step is 3m. Reinforcement 
after the excavation in each step was conducted with a sequence as follows: (1) placing 
shotcrete, (2) embedding rock bolt, (3) embedding PS anchor. The shotcrete was 
modelled as structural elements with a thickness of 0.32m and the rock bolt and PS 







Fig. 7.3 Illustration of the Bench-cut excavation process and placing parttern of PS 
anchors and rock bolts on arch and sidewalls. (a) Excavation process, (b) placing pattern 


























Coupled Shear Flow and Deformation Behaviour of Fractured Rock Mass 
 
 216
7.1.5 Influence of damaged zone induced by blast 
 
The damaged zones that generated in the vicinity of carven during blasting have 
dramatic influence on the stability of the opening due to their degraded strengths. 
According to the seismic exploration results as shown in Fig. 7.4, the regions of the 
surrounding rock masses with a thickness of around 2m from the wall of carven lost 
60% of seismic velocity in comparison with the intact rock mass.  



















                       (7.1) 
 
where,  is unit weight of rock mass,  is Poisson’s ratio. This equation provides an 
empirical relationship between seismic velocity and static modules. Using this equation, 
the deformation modulus E of the damaged rock masses surrounding the opening is 
calculated as 36% of that of the untouched rock masses. In the numerical model, the 
rock masses within the distance 2m to the wall of opening have been treated as 














Fig. 7.4 Relationship of the seismic velocity with the distance from the wall of cavern. 
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7.1.6 Displacement monitoring 
 
The information management of a construction project requires the in time information 
collection of the in-situ behaviours during the construction process. To monitor the 
deformation behaviour of the opening in this project, a number of measurement 
instruments were placed in the investigation tunnels and drifts at various locations 
around the opening. A layout of measuring lines in one section is shown in Fig. 7.5. An 
investigation tunnel beyond the opening starts 3 measuring lines (along boring holes) to 
monitor the displacements on arch. 6 measuring lines connecting the transport tunnel 
and excitation room at the two sides of the powerhouse with the two sidewalls of 
opening monitor the displacements on sidewalls. In each measuring line, 6 displacement 
meters with differing lengths were placed, of which the heads at the investigation tunnel 
side are all fixed together as shown in Fig. 7.6a. Therefore, each displacement meter 
actually measures the relative displacement between the fixed head in the investigation 
tunnel and the packer of the meter in the boring hole. The displacement histories of 
these measuring lines have been recorded during the numerical analyses and they have 
been transformed to the relative displacement (see Fig. 7.6b) to directly compare with 
the field measurements.  
Fig. 7.5 A typical layout of the measuring lines (section A). Among them, numerical 
results of 5 lines (labeled in the figure) were chosen to compare with the measurement 
results. 






Fig. 7.6 Sketch view of the arrangement of displacement meters in each measuring line 
and the disposal of simulation results to facilitate the comparison with the measurement 
results. (a) The arrangement of displacement meters in one measuring line, (b) 
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7.1.7 Simulation results 
 
1) Influences of the input discontinuity distributions on the behaviour of opening 
Well-planned prior survey is required to acquire sufficient geological data of the 
construction site so as to conduct a reliable design. As long as the rock masses are not 
excavated, a lot of geological features such as the presence of faults and joints are 
hidden in the field and are not easy to be identified by the prior survey. These newly 
found geological features especially newly identified joints during excavation need to 
be reflected in the revised numerical model to improve the accuracy of prediction. To 
elucidate the importance of considering adequate joint distributions in the numerical 
model, the numerical results of measuring line AD-6 (the center of left sidewall of 
section A, as shown in Fig. 7.5) by inputting different joint distributions identified at the 
stages of prior survey, arch excavation and bench excavations, respectively, are 
compared and illustrated in Fig. 7.7. Herein, displacements were measured when the 
corresponding excavation step was finished. The models were re-executed from the start 





Fig. 7.7 Comparison of the simulation results of the models constituted at different 
construction stages with the measurement results. 
A：basic model based on prior survey
B：model added the discontinuities identified in arch excavation 
C：model added the discontinuities identified in bench excavation 
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Comparison of the results of cases A and B shows that case B provides much closer 
predictions to the site measurement E, which indicates that the joint set located at the 
arch remarkably affect the deformation behaviour of the sidewall. Case C improves the 
accuracy of prediction by adding the joints near the sidewall. In case D, the transport 
tunnel and the excitation room at the two sides of the main opening have been added, 
which slightly decreased the displacement at the sidewall of opening due to the stress 
release produced by the excavation of the transport tunnel and the excitation room. The 
differences of cases A, B, C and D reveal the importance of the accurate configuration 
of discontinuities in a numerical model when analyzing the performance of an 
underground opening. A thorough prior survey of geological information especially the 
distribution of discontinuities needs to be designed and executed before construction to 
aid the support design. During the construction, the newly identified geological features 
(i.e. fracture zone, faults, joints) need to be reflected into the numerical model timely to 
provide better predictions to the behaviour of underground structure.  
 
2) Deformation behaviour prediction by numerical analyses 
The sections A and B demonstrated in Fig. 7.1 have been chosen to generate the 2-D 
numerical models. In section A, a set of rock joints are located at the arch and a few 
joints distribute near the sidewalls. Section B has fewer joints at the arch part and a few 
joints have been identified near the two sidewalls. By taking into account the final 
version of joint distributions of sections A and B illustrated in Fig. 7.2, the numerical 
models are able to cover the most significant geological features of the construction site.  
The distribution of plastic zones after excavation steps 3, 8, 16 of sections A and B 
are illustrated in Fig. 7.8. Noting that the fictitious joints have been deleted to make a 
clear demonstration of the correlation of plastic zones and the location of pre-existing 
rock joints. The plastic zones include shear and tensile failures, but at here they are not 
shown separately, only their location and total area are demonstrated. The excavation of 
arch released the stresses distributed on the roof and the bench floor, generating an 
elliptical plastic zone. The influence of the presence of rock joints on the plastic zone is 
not obvious until step 3, after that, the plastic zones start to progress from the area close 
to the wall of opening towards the highly jointed zones along the orientation of rock 
joints as shown in Figs. 7.8 (b), (c), (e), (f). The most significant progress of plastic 
zones occurs at the right upper corner of section A, where a set of rock joints exists. As 
the bench excavation progresses, the plastic zones extend to the lower part of the rock 
masses encompassing the carven, connecting with the plastic zones around the transport 
tunnel and the excitation room, generating a large plastic area.  






Fig. 7.8 Distribution of plastic zones after excavation steps 3, 8, 16 of sections A ((a), 
(b), (c)) and B ((d), (e), (f)). The fictitious joints have been deleted to make a clear 
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Section A produces larger plastic zones than section B especially around the arch 
(Figs. 7.8 (c), (f)), causing larger deformation in the vicinity of opening as shown in Fig. 
7.9. Since the rock blocks are permitted to rotate, slip and separate with each other in 
the DEM, high attention on the movements of the key blocks near or on the wall of 
carven needs to be paid, of which falling movement is of the most important concern to 
the blocks on the roof. In the present study, the presence of rock joint set on the arch 
divides the rock mass to small blocks, which are highly unfavorable to the stability of 
arch. The falling of rock blocks was restrained by conservatively placed rock bolts and 
anchors, however, the key blocks on the left center of arch still exhibited large 
deformation in comparison to the right center of arch (see Fig. 7.9). In this case, the 
convergence of displacements of these key blocks has been confirmed in the field and in 
the numerical model so that further reinforcements were not conducted. In some other 
cases, large deformations of such key blocks may develop to the principal risk to the 
stability of opening and therefore requires special treatments like increasing the length 
of anchor. Large deformations also happened on the top of the left sidewall of section A 
due to the presence of rock joints in the vicinity, exhibiting a toppling failure 
characteristic. Comparing to section A, the deformations on the sidewalls of section B 
with few joints were distributed uniformly along the wall surfaces. Noting that there are 
more discontinuities encountering the sidewalls in section A than section B, which 
produced more rock blocks, one face of which is the component of the sidewall surface. 
The stresses on these faces are released after excavation, which are beneficial for the 
development of large deformation. 
 
3) Comparisons of displacements obtained by site measurement and numerical analyses 
Comparisons of the displacements of sections A and B from site measurements and 
numerical analyses are illustrated in Fig. 7.10. The displacements of the arch in section 
A happened in the construction site are around 30mm at 1m away from the roof and 
decrease gradually to around 10mm at 15m away from the roof as shown in Figs. 7.10 
(a), (b) and (c). The numerical results slightly underestimate the displacement at AD-1 
and agree well with the measured values at AD-2 and AD-3. Comparing the four typical 
measurement points at excavation steps 3, 8, 10 and 16 in Figs. 7.10(a), (b) and (c), it 
shows that the displacements at arch don’t increase obviously as the bench excavation 
progresses. That means when the excavation and reinforcement of arch have been 
completed, the subsequent excavation steps take little effect on the deformation on arch. 
Comparing to the arch, the deformations on the sidewalls increase continuously during 
all of the excavation steps especially in the last few steps as shown in Figs. 7.10  





Fig. 7.9 Displacement vectors of sections A and B after the excavation of cavern. The 
black parts in the figure are the blocks with area less than 3.0m2, which, in the scale of 




(d) and (e). The most remarkable deformation occur at measuring line AD-6 due to the 
presence of discontinuities near the left sidewall (see Fig. 7.2) and the unfavorable 
orientation of initial ground stresses which will be discussed in the next chapter.  
The discontinuities can encounter the sidewalls of an underground opening at various 
angles. On AD-6 side, the rock joints dip away from the left sidewall and the blocks 
divided by these rock joints trend to fall into the opening. On the contrary, the rock 
joints on AD-7 side, where the blocks trend to slip into the opening, dip towards the 
right sidewall. In the prior design stage of this project, the AD-7 side (dipping towards 
pattern) was considered to be more likely to cause large deformation, since the blocks 
are easier to slip into the opening. However, both the site measurements and numerical 
simulation provide the opposite results. In deep underground, due to the large stress 
environment, the slip of a rock block is significantly limited by the high constraints 
(normal stiffness of joints) from the rock mass surrounding this block. The toppling 
failure happens in the ‘dipping away pattern’ like AD-6 may have a better chance to 
cause large deformation on the opening. Further reinforcements have been conducted in 
(a) section A (b) section B 
0 0.5m 0 0.5m
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the construction site on AD-6 side in terms of increasing the length of PS anchors 
according to the numerical results. A study on simple models of dipping towards pattern 
and dipping away pattern has also been carried out (Jiang et al., 2006b), indicating that 
in the blocky rock masses, the dipping away pattern produces lager displacement than 
the dipping towards pattern when the dip angle of joints is around 60°. 
Analytical results of section B are illustrated in Figs. 7.10 (f)-(j). Because the length 
and number of the rock joints near the arch of section B are less than that of section A, 
on the same stress boundary condition, the displacements at the arch are much smaller 
than section A (see Figs 7.10 (f), (g) and (h)). Due to the same reason, the displacements 
at BD-6 are 1/3 smaller than AD-6 after all the excavation steps. A few discontinuities 
exist on the measuring line BD-7 (see Fig. 7.2), the normal and shear movements of 
which cause slightly larger displacements than that of AD-7. For section B, the dipping 
away pattern (BD-6) also has larger displacement than the dipping towards pattern 
(BD-7) although the discontinuities on the two sides are almost equivalent in amount.  
In both sections A and B, the displacements on the sidewalls increase significantly 
with the progress of excavation especially in the last few steps. The convergence of 
displacements has been subsequently confirmed in both the site measurements and 
numerical simulation. Generally, the numerical simulation provides reliably close values 
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Fig. 7.10 Comparisons of the displacements obtained from site measurements and 
numerical analyses in four excavation steps of setions A and B. Herein the 
displacements are the relative displacements measured by each measuring meters 
starting from the fixed heads located 20m away from the walls of cavern as 
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7.2 Influences of cross-sectional shape and orientation of initial ground stress 
 
The numerical simulation results given in Section 7.1 have provided good agreements 
with field measurements, making it natural to use this approach to account for similar 
problems with differing opening shapes or ground conditions. The cross-sectional shape 
of opening and the orientation of initial ground stresses are important factors 
influencing the performance of opening. The cross-sectional shape of an opening needs 
to be carefully chosen synthetically considering the ground conditions, safety, function 
of opening, cost etc. Warhead shape, egg shape and mushroom shape are typical 
cross-sectional shapes adopted in underground opening constructions. Since warhead 
shape has been analyzed above, herein, numerical simulations on egg shape and 
mushroom shape are carried out based on the ground conditions of Omaru power plant 
(section A) to assess the performance of opening with different cross-sectional shapes. 
The orientation of initial ground stresses impacts on the performance of opening in 
terms of facilitating (unfavourable orientation) or restraining (favourable orientation) 
the deformations in the rock masses surrounding the opening. This impaction is 
evaluated by changing the orientation of initial ground stress in the model of section A 
shown in Fig. 7.2. 
The layout of three kinds of cross-sectional shapes is shown in Fig. 7.11a. The 
cross-sectional area for warhead shape is 950m2, for egg shape is 1120m2 and for 
mushroom shape is 1120m2. Noting that for mushroom shape, the thickness of lining 
concrete on arch is 1m, which is thicker than other shapes (0.32m) according to the 
thickness used in similar construction sites. The center top points of arch of three shapes 
are put at the same coordinate in numerical models and the heights and widths of egg 
and mushroom shapes were decided by considering the spaces required for the 
installation of generators and construction conditions etc. according to the data of 
Omaru power plant.  
Comparison of the displacement vectors of the three kinds of section shapes is shown 
in Figs. 7.11 (b), (c) and (d). Warhead shape exhibits the largest displacement and egg 
shape effectively inhibits the displacements especially on the sidewalls. For egg shape, 
arch integrates with sidewalls by smooth curves which improved the integrity of the 
opening, helping disperse stresses on the joint parts between arch and sidewalls. 
Mushroom shape remarkably inhibits the displacement of arch through its thick lining 
concrete on arch. The displacements on its sidewalls are smaller than the warhead shape, 
which could also be considered as that its compressed arch shape and thick lining 
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concrete have good effects in supporting the rock masses upon arch while decreasing 






Fig. 7.11 Comparison of the displacement vectors around three types of cross sections. 
(θ=0°) 
 
(b) Warhead shape 















(a) Comparison of opening cross sections 
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Initial ground stress is not always vertical to structure axis when an underground 
structure is located in mountain region. To account for its influence, a series orientations 
of initial ground stresses, θ=0°, 20°, 35°, 50°, -20°, -35°, -50° with respect to vertical 
plane (positive for counter clock-wise) were examined on the models with different 
cross-sectional shapes based on the ground condition of section A.  
The simulation results of displacements along three measuring lines (AD-1, AD-2 
and AD-3) are shown in Fig. 7.12, in which, figure (a) shows the results at measuring 
point 4m from the inner surface of opening wall; figure (b) shows the results 10m from 
the inner surface of opening wall. In Fig. 7.12a, both warhead shape and egg shape have 
increased displacements when θ=-35° at measuring line AD-1 and warhead shape has 
even higher value when θ=-50°. The angles between -35° and -50° are coincident with 
the dipping angle of the pre-existing rock joints at the arch of opening (see Fig. 7.2a), 
indicating that the orientations of initial ground stresses close to continuous pre-existing 
rock joint set are unfavorable to the arch stability of opening. This effect on mushroom 
shape is small due to its strong crown. The influences of the orientation of initial ground 
stress on measuring lines AD-6 and AD-7 are small. Generally, the displacements on 
sidewalls tend to decrease when the orientation of initial ground stress gets closer to 
vertical plane.  
As shown in Fig. 7.12b, the influences of the orientation of initial ground stress 
become smaller when the distance apart from opening walls increases. Like that shown 
in Fig. 7.12a, the displacements of measuring lines AD-6 and AD-7 increase as θ 
increases, indicating that large θ is unfavorable to the stability of sidewalls. For 
measuring line AD-1, three shapes have similar displacements when θ=-0°, after that, 
the displacements of egg shape and mushroom shape decrease and warhead shape 
increases as θ increases. The results of AD-1 in the figures show that egg shape and 
mushroom shape have more advantage in inhibiting the displacements on arch than 















Fig. 7.12 Change of displacements due to the orientation of initial ground stress for 
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7.3 Influence of geometrical distribution of rock joints on deformation behaviour 
of underground opening 
 
7.3.1 An analytical approach to evaluate geometrical distribution of natural jointed 
rock masses 
 
The DEM and DDA analyses differ from conventional numerical methods in the way 
that they can accurately create the modelling of geometrical distribution of rock joints. 
This modelling should be oriented toward distribution of in-situ nature joints as much as 
possible so as to acquire accurate analyzing results. In order to simulate the distribution 
of rock joints, the following approach is proposed. 
 
1) Extracting methods of the nature joints 
The multiple system given by Fig. 7.13 is used for analyzing the feature of geometrical 
distribution of rock joints. Two extracting methods can be constructed: the digitizer 
inputting method and the image processing method. In the former one, by using scanline 
survey and borehole survey through the borehole scanner system, invisible space data of 
discontinuities can be estimated to obtain the location, orientation, trace, gap etc. of 
rock joints. Based on the analyzed joint distribution data, the trace map of nature joints 
can be created. Then, using a graphic-digitizer instrument and a computer-generated 
drawing program, the joint trace map can be input to computer to generate a list of x, 
y-coordinate pairs. 
The latter one is used to observe the visual area of in-situ rock mass such as 
well-exposed area, the sidewall of underground opening. Photograph of the distribution 
of rock joints around underground opening is recorded by the digital camera with high 
resolution. The rock joints trace are then extracted by image processing. The network of 
rock joints as an analytical object can be digitized using the image scanner. The above 
two kinds of net-maps could both be analyzed by computer program so that the 
parameters that can approximately describe the characteristics of the distribution of joint 
sets could be obtained.  
 
2) Fractal measure methods 
In a general way, the stochastic method is often used to quantitatively describe the 
geometrical distribution of rock joints. However, measurement of the density of rock 
joints in a study area is a difficult task, and the accuracy of such stochastic method is 
influenced by setting parameters and relative functions. On the other hand, the 










geometrical distribution of rock joints has fractal characters. It is considered that fractal 
dimension could have high quality to characterize the geometrical distribution of joints. 
In this study, the box-counting method is used to estimate the fractal dimension of 
geometrical distribution of rock joints. The general process of this method is as follows: 
firstly, the joint trace area is covered by a square box; then, decreasing the box size step 
by step (e.g. diving the square box to 4 at the first step, then diving it to 9 boxes at the 
next step), at the same time counting the number of boxes that can necessarily cover the 
joint traces; at last, a log-log plot presenting the numbers of boxes needed to cover the 
joint traces at each steps versus its corresponding box size can be drawn and the slope 
of this plot presents the fractal dimension of the joint trace distribution. According to 
Falconer (1990), fractal dimension DBox in the box-counting method can be written by 











DBox                        (7.2) 
 
where DBox is the fractal dimension, N is the number of boxes needed to cover the 
object, and  is the box size. 
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Depending on this calculation procedure and Eq. (7.2), a simple computer program 
was written for executing the box-counting method on a joint trace distribution map. 
The networks used in this program are first transformed into square cell (360×360 
pixels), in which the curves representing the joints are expressed by the fine lines with 
width of 1 pixel. Then, as the box size decreases, the log-log plot can be created. It was 
applied to estimate DBox for the triadic Koch curve (Mandelbrot, 1983) to evaluate its 
accuracy. As shown in Fig. 7.14a, the triadic Koch curve, created by an initiator and a 
generator, has a theoretical fractal dimension of 1.263. We estimated the recursion 
depth n of 3, 4 and 5 of this curve, and acquired the DBox value of 1.212, 1.226 and 
1.255, respectively, that are approximately equal to the theoretical value. 
In Fig. 7.14b, the slope a represents the minus value of DBox, b is the intercept on 
vertical axis Y, R2 is a determination coefficient, which expresses the discrepancy of the 
data points to the straight regression line, the higher, the fractal character of the object is 
more significant. The accuracy of the calculated fractal dimension is examined by 
taking into account the lower and upper cut off levels, namely the lower and upper limit 
in this program. Herein, the value shown in the cut limit item stands for the percent that 
the box size has obtained over the whole square area. It is thought that only the points 
located in the range of self-similarity can currently represent the fractal feature in a 
study area. Former researches on triadic Koch curve show that the valid range of 
self-similarity ranges from the smallest feature size to the size of a box that is larger 
than 1/3 of the size of the generator (Kulatilake et al., 1997). By analyzing the triadic 
Koch curve and other self-similar fractal objects such as the triangular Sierpinski gasket, 
the optimum cut-off level for this program, which decides the valid range of 
self-similarity, is obtained. The measurements could be considered accurate to estimate 
the fractal characters of rock joint distributions if the following conditions are satisfied: 
(1) the determination coefficient R2 is equal to or larger than 0.995, (2) the straight line 
connects (passes through) at least 6 plot points, (3) the optimum cut-off level is larger 
than the smallest resolution size of the object curve and the upper cut-off level is not 














Fig. 7.14 (a) Construction of the triadic Koch curve, (b) one calculation example on the 
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7.3.2 Relation between fractal dimension and deformation behaviour of underground 
opening 
 
Rational design and construction method for an underground opening require a good 
understanding of the influence of geometrical distribution of rock joints on the 
deformation behaviour of rock masses around an opening. In this thesis, the 
relationships between the parameters describing the joint geometry, such as fractal 
dimension (density and trace-distribution), and the deformation behaviour of rock 
masses around an underground opening were estimated by using DEM, which is 
capable of analyzing the behaviour of discontinuous.  
 
1) Description of modelling 
The layout of the underground opening used in this study is illustrated in Fig. 7.15. The 
prototype of this model is the construction site of a power plant. The rock masses in the 
study area are composed of fresh hard sandstone, the properties of which as shown in 
Table 7.3 were collected from the construction field.  
In this study, deformation simulations of all cases were carried out by using UDEC 
(Cundall, 1971). The discontinuities in the models are assumed to be Mohr-Coulomb 
joints, and their properties (see Table 7.4) are evaluated under the constant normal stress 
conditions (Jiang et. al., 1999).  
 
2) The relationship between joint set distribution character and deformation behaviour 
of underground opening 
Three steps were carried out in the excavation simulation. Firstly, the numerical model 
as shown in Fig. 7.15 was built in UDEC, and three joint network cases with different 
joint densities or orientations were created. Then, using the proposed measure method, 
the fractal dimension DBox of the three cases were calculated. At last, these models, with 
identical material properties of both intact rock and rock joints, were executed in UDEC 
and their deformation behaviours were recorded and assessed.  
Table 7.5 gives a summary of the joint sets for Cases 1, 2 and 3. Case 1 and Case 2 
have different fractal dimensions, and Case 2 and 3 are with different orientations. The 
traces, spaces and gaps of joint sets were set to various values for acquiring different 
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Table 7.3 Properties of rock masses. 
Density 2.50(g/cm3) 
Young’s modulus 3.03(GPa) 
Poisson’s ratios 0.17 
Friction angle 40(°) 
Cohesion 1.00(MPa) 
Tension strength 3.5(MPa) 
 
Table 7.4 Properties of rock joints. 
Normal stiffness, Kn 20.0(GPa/m) 
Shear stiffness, Ks 0.8(GPa/m) 
Cohesion 0.0(MPa) 
Friction angle 25(°) 
Tension strength 0.0(MPa) 
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Table 7.5 Joint geometries used for the generation of joint network. 




Fig. 7.16  Deformation behaviour of rock masses around deep underground opening 
according to fractal dimension DBox and orientation. (a) displacement vector, (b) plastic 
zone. 











Trace Space Gap 
1 2 0(5) and 90(5) 1.450 60(10) 5(2) 2.5(2) 
2 2 0(5) and 90(5) 1.593 30(10) 10(2) 5(2) 
3 2 0(5) and 40(5) 1.595 30(10) 10(2) 5(2) 
ＤBox = 1.450 ＤBox = 1.595 ＤBox = 1.593
Case 1 Case 2 Case 3 
(a) Displacement vector 
ＤBox = 1.593ＤBox = 1.450 ＤBox = 1.595 
(b) Plastic zone 
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Fig. 7.16 shows the analyzed deformation behaviour of rock masses around the 
opening according to different fractal dimension DBox and orientation. The displacement 
vectors in three cases have different distribution characters, especially case 3, which 
have different orientation with cases 1 and 2, the direction of displacement vectors 
around opening trends to the center direction of two joint sets, showing that the total 
displacement of a block in the model is the combination of the displacements taking 
place along the directions of two joint sets. The plastic zone distributions of three cases 
are shown in Fig. 7.16b, it can be seen from cases 1 and 2 that the main plastic zones 
concentrate at the portions where joints encounter the wall of opening. In case 3, the 
plastic zones spread to broader area and mainly distribute along the joint sets.  
For a purpose of parameter study, by changing the space and trace of joint sets, more 
cases with lower fractal dimensions and different joint set orientations were simulated 
and the relations between maximum displacements of all cases with fractal dimension 
DBox are shown in Fig. 7.17. The angle between two joint sets are set to be 40°, 60° 
and 90° to estimate the influence of joint orientation. It can be confirmed that the 
displacement is significantly influenced by DBox when is smaller than 90, especially 
in the case =60. It shows that an underground opening located in the rock mass with 
two joint sets, one is horizontal and the other one is vertical or close to vertical, like 
cases 1 and 2, is in a relatively stable state and is not influenced by the joint set density 
much. For the cases that ranges between 0 and 90 the increase of displacement 
with fractal dimension is notable.  
On the other hand, as shown in Fig. 7.18, a series of numerical simulations were 
carried out by changing  and . Herein,  is the angle between set1 and set2,  is the 
angle between set1 and horizontal direction. Comparing those results, followings are 
clarified: (1) when = 30 and 60, the change of maximum displacement is small, 
(2) there are peak values of maximum displacement on the curves while =60 and 
=060. From these results, it could be found out that a joint set, the angle between 
which and opening wall is around 60, is beneficial for the development of large 
deformations. Based on this, a special modelling study on the cases, in which there is 
only one set of joint and the angel between this joint set and opening wall is 60, was 
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3) Description of a special case study 
Based on the model as shown in Fig. 7.15, an area located at the left side of opening 
wall was extracted as the study area as shown in Fig. 7.19. We assumed two kinds of 
distribution of joint sets, in both of which the left and bottom sides are fixed while the 
top and right sides are free to move. The first one, in which the blocks trend to fall 
towards the right side, is labeled as fall set (dipping away pattern); the other one, blocks 
seem to flow towards the right side, is labeled as flow set (dipping towards pattern, see 
Fig. 7.20).  
Four scales of joint spaces, t= 2m, 4m, 6m, 8m, respectively, were considered in both 
kinds of sets in order to represent the joint densities from large to small. At the top of 
the modelling, a symmetrically distributed stress H was applied to simulate the gravity 
of the rock mass above the opening. Herein, is the mean gravity of the rock mass 
above the opening and H is the distance from the top of opening to the ground surface. 
The properties of joints are set the same as that in Table 7.4.  
Two kinds of models, for instance with joint space of 4m, were created to represent 
the fall set and flow set joints respectively as shown in Fig. 7.20. Considering there is 
irregular deformation on the top right corner of both models, the displacement at the 
point that 4m under the top right corner was recorded and the displacements of four 
kinds of joint spaces are summarized in Fig. 7.21.  
The simulation results show that when joint space t equals to 2m or 4m, representing 
high joint density, the displacement of fall set is larger than flow set, but this relation is 
reversed when t equals to 6m and the displacement values of the two types of models 
become close when t equals to 8m. As the space becomes larger, the size of blocks 
becomes larger, so that the measured displacement is controlled by these large blocks on 
the right top. Consequently, it should be noted that the results shown in Figs. 7.21(c) 
and (d) may have less reliability. 
The results in Figs. 7.21(a), (b), (c) and (d) show that the displacement of fall set 
becomes smaller as t increases, that means the displacement increases as the density of 
joints increases (larger fractal dimension), which agrees with the result shown in Fig. 
7.17 when  is equal to 60
From the results above, it can be concluded that when the density of joints is large 
enough (e.g. spacing less than several meters), the fall set condition seems could lead to 
larger deformation than the fall set type, that exactly agrees with the measured data 
from the construction field of the underground power plant described in the former 
sections.  
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7.4 Simulation of cracking near a large underground opening using the expanded 
distinct element method 
 
7.4.1 Experimental verification of the EDEM by means of base friction test 
 
In Chapter 6, a few case studies using EDEM have been demonstrated and the 
simulation objects are basically small-scale specimens. To utilize EDEM to large-scale 
opening simulations, a number of base friction models were conducted to 
experimentally investigate the deformation and local failure behaviours of the 
underground opening excavated in the jointed rock masses and to verify the proposed 
EDEM approach. In general, the base friction technique is used to demonstrate various 
mechanisms of failures in rocks and it has been considered as one of the most effective 
experimental methods to reproduce the effects of gravity in two-dimensional physical 
models (Bray and Goodman, 1981). In this study, the base friction experiments were 
carried out on the apparatus developed by Jiang and Esaki (1998), which, by assembling 
an image analyzing system employing a CCD camera and picture analyzing software, 
can directly obtain the details of deformation and cracking process in the rock mass 
models.  
 
1) Experimental and analytical model of underground opening 
The powerhouse of an underground power plant as described in Section 7.1 was used as 
the prototype of the object deep underground opening as shown in Fig. 7.22. The 
powerhouse has a warhead sectional profile and is 48m in height and 24m in width. The 
depth of the opening from the ground surface is assumed to be 158m. The rock masses 
in the ground are fresh and hard sandstones and a region with a dimension of 
200m×180m was chosen to build the experimental and numerical models. The 
coefficient of lateral pressure K0=0.6 was evaluated from in-situ investigation, then the 
initial in-situ stresses on the boundaries of the modelling region were reproduced and 
the excavation simulation of the opening without support was carried out. Full-scale 
model to the underground opening was used in simulations and the model in the 
experiments used the geometrical scale =1/400 to the prototype. The stress scale  










Fig. 7.22 Geometrical comparison of the prototype of underground cavern in numerical 




2) Mechanical properties of the intact rock and joints 
With regard to the needs of adequately representing the behaviours of rock joints in the 
experimental model, a number of fundamental tests on the mechanical properties of 
artificial rock blocks were carried out by changing the weight ratio combination of 
several element materials. As a result, the artificial rock blocks were manufactured with 
a mixture of plaster, lime, sand and water, with weight ratio of 1:3:12:3.61. The mixture 
was poured into several molds and desiccated at ordinary temperature for one day and at 
100 °C for two days in a desiccator. Three types of molds were used to manufacture the 
required artificial rock blocks with widths of 2cm, 3cm, and 4cm, respectively. The 
jointed rock masses were then formed by setting the artificial block members on the 
base plate with a total dimension of 45cm*50cm.  
The mechanical properties of the artificial rock blocks were assessed by carrying out 
unconfined compression tests and triaxial compression tests. The triaxial compression 
tests were conducted with three lateral pressures of 0.1MPa, 0.15MPa and 0.2MPa, by 
applying the Mohr’s stress circle on the results of which, the cohesion and friction angle 
were acquired as c=0.143MPa and =34°, respectively. Other properties of the artificial 
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Young’s modulus E=415.52MPa, Poisson’s ratio =0.136 and tension strength  t 
=0.0546MPa. 
To facilitate crack generation, the artificial rock blocks used in this study are very 
brittle with low strength, it is difficult to use conventional shear test apparatus to 
evaluate their shear behaviours. In this study, an improved shear test apparatus was 
adopted in shear tests (Jiang et al., 2001). This test apparatus has a special designed 
shear box, in which the lower part is larger than the upper part throughout the full shear 
process, so as to keep a constant contact area of specimens in the shear process. The 
delicate loading units are capable of the shear tests in very low stress conditions on 
which the shear properties of specimens could also be accurately measured. Direct shear 
tests with three patterns of normal stresses 0.1MPa, 0.15MPa and 0.2MPa were applied 
on the artificial rock blocks to acquire the necessary mechanical properties for 
numerical analyses. The shear test results are demonstrated in Fig. 7.23 and Fig. 7.24. 
The normal loading tests have been carried out on the artificial rock blocks with and 
without fracture to acquire the total normal displacement utotoal and intact normal 
displacement uintact, respectively. Then, the normal behaviour of the joint can be derived 
from ujoint = utotoal - uintact. The normal stress-normal displacement relationship shows 
nonlinearity in Fig. 7.24, which can be divided into 3 sections (Ⅰ,Ⅱ,Ⅲ) and their 
normal stiffness are Kn Ⅰ =260.0MPa/m, Kn Ⅱ =940.0MPa/m, Kn Ⅲ =1880.0MPa/m, 
respectively. A regression function (7.3) was then deduced based on the curve in Fig. 
7.24 to predict the experimental results beyond these three sections as follows.  
 
vvvn 123.0688.7302.4
23      R2=0.9987             (7.3) 
 
where v is normal displacement, n is normal stress and R is residual. Other properties 
of the rock joints are: shear stiffness Ks =80.7MPa/m, cohesion cj =0MPa, friction angle 
j =31.2°and tension strength tj = 0MPa. It should be noted that the artificial rock 
blocks have been polished before tests and their surfaces are very flat and smooth. 
Therefore, the contacts among them have non-cohesion and non tensile strength. After 
being polished, all of the blocks in a model have almost identical surface conditions 
(surface roughness), so that universal joint properties can be applied to them in 
simulations. The necessary mechanical properties for numerical analyses were 
calculated from the experimental results of artificial rock blocks by using the similarity 
law. 
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3) Distribution characteristics of rock joints in experiment and numerical analyses 
The distribution characteristic of rock joints including the dip angle, spacing, gap etc. in 
rock masses is one of the key factors that influence the deformation behaviours of 
underground openings. To acquire a rational understanding of this issue, more than 10 
patterns of joint distributions have been investigated by changing the dip angle and 
spacing of joints in both experiments and numerical analyses, among which, 3 patterns 
are compared and demonstrated at here as shown in Table 7.6. In the table,  is the dip 
angle and d is the spacing between two joints converted from the dimensions of 
experimental models by using the similarity law. The cuboid artificial rock blocks were 
firstly set on the plate of the base friction apparatus to build the jointed rock mass model. 
Since the model is composed of many small blocks and initially they don’t contact 
closely with each other, stresses on the boundaries and air pressure vertical to the model 
were applied with reduced values (1/5) to consolidate the model. After that, the opening 
in the center of model was excavated and full-scale stresses evaluated from in-situ 
stresses by using stress scale  were applied to locate the model in required stress 
condition. Herein, the air pressure vertical to the test model is used to change the 
frictional forces acting on the model. In numerical analyses, before excavation, 
equilibrium under the gravity of rock mass in the study area and boundary conditions 
subjected to the stresses from the surrounding rock masses was achieved to consolidate 
the blocks in the model. The preparations for the crack generation have been conducted 
in the numerical analyses as stated in section 6.1. Noting that in both the model tests 
and numerical analyses, the reinforcements on the wall of opening have not been 
considered due to the difficulties in reproducing the reinforcements in base friction 




Table 7.6 Experimental cases. 
 
Case (1) (2) (3) 
Dip angle of joint (°) 45 60 60 
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4) Comparison of the experimental and analytical results 
Figs. 7.25 (a), (b) and (c) show the close-up images of the newly generated cracks 
marked as ‘×’ in the vicinity of opening in experiments for cases 1, 2, and 3, 
respectively. The new cracks were identified by using the image analyzing system, 
where only the locations of new cracks have been marked and the widths (aperture) of 
cracks were not taken into account in this study. In Case 1, the new cracks are mainly 
distributed near the right sidewall of opening, concentrating in one rock block. The new 
cracks in Case 2 and Case 3 are distributed in more dispersed positions, also near the 
right sidewall. Therefore, the slide of large blocks in the right sidewall of opening may 
have participated in the major parts of deformation of the rock mass for all the three 
cases. Since the reinforcements were not conducted, the tension failure has become the 
principal reason to generate new cracks.  
The distributions of new cracks obtained from numerical analyses give similar 
tendency to the images in the model experiments as demonstrated in Figs. 7.25 (d), (e) 
and (f). The numerical results of Case 1 captured the assembly of cracks near the right 
sidewall and a few cracks on the left arch. Case 2 captured the cracks near the upper 
right sidewall and Case 3 captured the cracks near the upper right sidewall and the 
lower left sidewall. When the dip angle of joints becomes steeper, the positions of new 
cracks trend to move to the relatively upper position near the sidewall by comparing 
Case 2 and Case3 with Case1. Case 3, with shorter joint spacing, produced more new 
cracks comparing to Case 2 with the same dip angle. Most of the new cracks were 
generated by satisfying the judgment criterion (2) (tension failure), which agrees with 
the failure mode taking place in the model experiments. The generation amount of new 
cracks in numerical analyses are generally larger than the model tests due to (1) there 
are more intersecting joints (vertical to the main joint set, especially in Case (2) in 
numerical models than that in experiments; (2) the mechanical properties used in 
analyses converted from the properties of artificial rock blocks by using the similarity 
law may have been slightly underestimated; (3) the CCD camera based image analyzing 
system cannot capture the cracks generated in the interior of the artificial rock blocks 
and may have failed to capture a few extremely fine cracks. Although the artificial rock 
blocks were carefully manufactured, the heterogeneity of materials could not be totally 
eliminated, which also could influence the experimental performance. Nevertheless, the 
proposed EDEM has provided reliable predictions to the crack generation process 
happening in jointed rock masses with exaction of opening, which could help 
investigate the influences of newly generated key blocks on the stability of large-scale 
underground opening.   





Fig. 7.25 Comparisons of the newly generated cracks by model experiments ((a), (b), 




7.4.2. Simulation of excavation process of large-scale underground opening 
 
1) Excavation simulation of opening without reinforcements 
A typical excavation process of underground opening was simulated by using the 
EDEM as demonstrated in Fig. 7.3. The center part of arch was drilled at the first step 
and then the left and right parts of arch were excavated in the steps 2 and 3. After that, 
bench excavation was carried out orderly from step 4 to step 16. The aforementioned 
joint distribution patterns, Case 1, Case 2 and Case 3, were adopted in the simulations to 
investigate the behaviours of key blocks produced by the new cracks that are highly 
unfavorable to the stability of opening. The magnitude of stresses in the rock masses 
encompassing the opening is another important factor that influences its performance. In 
Case 2 
Case 3 Case 2 Case 1 
Case 1 Case 3 
(a) (b) (c) 
(d) (e) (f) 
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order to take this factor into account, three different magnitudes of stresses 
corresponding to the depths (from the ground surface to the roof of opening, see Fig. 
7.22) of 158m, 212m, 262m were selected. The mechanical properties of rock masses 
and rock joints as well as the methods for the crack generation were the same with that 
stated in the chapter 7.4.1. 
At first, elastoplastic analyses were carried out by using UDEC to acquire the region 
of plastic zones and the directions of principal stresses. Fig. 7.26 shows the plastic 
failure zones in jointed rock masses around the opening in Case 3 (Depth: H = 158m) at 
different excavation steps ((a) after arch excavation; (b) after 9th excavation;(c) after 
final bench excavation). Only two small failure zones are generated near the right roof 
after the arch excavation. After the 9th excavation, the plastic zones spread to the two 
sidewalls but still in small content. As the final bench was excavated, a large connected 
plastic zone is generated in the rock blocks on the right sidewall, which has collapsed 
into the opening, and a plastic zone in a smaller area is produced in the lower left 
sidewall. In the in-situ condition, however, before such large deformation takes place, a 
great number of new cracks would have been generated in the rock blocks and the 
movements of the newly generated key blocks could remarkably change the failure 
modes of the rock masses, adequate evaluation of which requires more elaborate models 






Fig. 7.26 Propagation of plastic zones during excavation of Case 3. (a) after arch 
excavation, (b) after 9th excavation, (c) after final bench excavation. 
 
 
(a)  (b) (c)  
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Fig. 7.27 illustrates the propagation of new cracks and the process of local failure 
around opening due to excavation. The new cracks generated after arch excavation are 
few in Case 1 and Case 2. At the same time, Case 3 produces more new cracks along 
the roof wall due to the higher density of the pre-existing joints. During the bench 
excavations, Case 1 and Case 2 produce almost equivalent new cracks in amount on the 
right side, differing in that the new cracks in Case 2 are in higher position comparing to 
Case 1 on the right side and are larger in amount on the left side because the 
pre-existing joints in Case 2 have steeper dip angle than that of Case 1. On the other 
hand, because Case 3 has steeper dip angle and shorter spacing of the pre-existing joints, 
the amount and area of the newly generated cracks are much larger than that in Case 1 
and Case 2 when the whole excavation are finished, which lead to the separation of key 
blocks taking place along the new cracks on the walls of opening. The amount and area 
of new cracks are furthermore increased by locating the opening in deeper underground 
by comparing Figs. 7.27 (c) (H=158m) to (d) (H=262m). For all the cases, the positions 
where the pre-existing joints encountering the wall of opening are favorable for the 
crack initiation and propagation. The EDEM analyses provide more realistic results to 
the large deformation in jointed rock masses than the DEM analyses by comparing Fig. 
7.27c to Fig. 7.26c. The results above reveal that the local failure zones are significantly 
influenced by the dip angle, spacing of the pre-existing joints and their relative position 
to the opening as well as the depth of opening.    
 
2) Evaluation of the support effect of rock bolts by using EDEM 
For underground structures excavated in jointed rock masses in deep underground, the 
most common types of failure are those involving key blocks falling, toppling or sliding 
from the walls of opening. These key blocks are formed by the pre-existing 
discontinuities encountering the walls of opening as well as the newly generated cracks 
due to excavation. Therefore, the reinforcements need to be applied for underground 
structures, the design of which requires the thorough understanding of the support 
effects of the reinforcement components like anchor and rock bolt. Many underground 
structures are designed and constructed, based on the prior survey of the construction 
site and the conventional load/capacity/safety factor approaches. To achieve more 
rational prediction of rock behaviour and support design for deep underground opening 
in jointed rock masses, analyses considering the coupled performances of rock masses 
and reinforcement components are required. With the development of numerical codes, 
effectively modelling the excavation process and the construction of supports such as 
grouting, rock bolt and cable has become possible in the numerical simulations. 





Fig. 7.27 Crack generation during the excavation process. 
arch excavation 9th bench excavation  final bench excavation 
Case 1 Case 1Case 1
Case 2 Case 2 Case 2
(a) Depth of underground cavern (case 1): H = 158 m 
(b) Depth of underground cavern (case 2): H = 158 m 
Case 3 Case 3 Case 3
(c) Depth of underground cavern (case 3): H = 158 m 
Case 3Case 3Case 3 
(d) Depth of underground cavern (case 3): H = 262 m 
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The basic model of rock bolt in the EDEM is shown in Fig. 7.28. The rock bolt is 
divided into a number of segments with nodal points located at the ends of each 
segment and the mass of each segment is lumped at the nodal points to facilitate the 
calculation. Shearing resistance is represented by spring/slider connection between a 
node and the rock elements encompassing the node. In this study, the reinforcement 
effect of rock bolts in two patterns was evaluated based on Case 3 (H=158m). The 
values of required input parameters for rock bolt are as follows: density 6083 kg/m3, 
Young’s modulus 1.9×105MPa, compressive yield strength 1.55MPa, tensile yield 
strength 1.55MPa, extensional failure strain 3.5% and cross-sectional area 446.0mm2. 
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The grouted rock bolts are embedded vertically to the walls of opening after each 
excavation step. In pattern (1), the rock bolts are 5m long, and embedded at 1.5m 
intervals along the roof and sidewalls as shown in Figs. 7.29 (a), (b), (c). Comparing 
with the no bolting pattern (see Fig. 7.28c), the bolted pattern (1) successfully inhibits 
the generation of key blocks on the roof and sidewalls and the total amount of new 
cracks is significantly decreased. The new cracks are mainly located near the lower left 
sidewall (B) and the upper right sidewall (A), which could be considered as the weak 
zones in this model. To effectively control the deformation and crack generation in 
these weak zones, a further reinforced pattern (2) is evaluated as shown in Figs. 7.29 (d), 
(e), (f). In pattern (2), the longer rock bolts (15m) were placed on the lower left sidewall 
and upper right sidewall to control the degradation of weak zones. The amount of new 
cracks as well as the displacements above roof (see Fig. 7.30) have been slightly 
decreased in pattern (2), exhibiting good support effect comparing to the model without 
reinforcements. The displacements on the right side of opening are larger than the left 
side in Fig. 7.30 due to the deformation happened in the weak zones A. Although the 
differences between pattern (1) and pattern (2) are not obvious in the current results, 
considering the time-dependence of the strengths of the weak zones, the reinforcement 
























Fig. 7.29 Illustration of the crack generation in the rock masses with two patterns of 














Fig. 7.30 Comparisons of the vertical displacements along the horizontal direction 
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In this thesis, the shear behaviour, coupled shear-flow behaviour of single rock fractures, 
and the mechanical behaviours of fractured rock mass encompassing rock structures like 
underground opening have been studied through laboratory direct shear/coupled 
shear-flow-tracer tests and in-situ compression/shear tests with related numerical 
simulations by using FEM or Expanded DEM approaches. Some results of these studies 
are summarized as follows: 
 
1) Direct shear tests 
  Peak shear stress can be observed for tests conducted under the CNL boundary 
condition but not for all the tests conducted under the CNS boundary condition, 
since the shear stress can continuously increase in the residual stage due to the 
increase of normal stress in some tests under the CNS boundary condition. 
  The peak shear stress occurs when the major asperities on the fracture surface lose 
their resistance to the shear, while most asperities with lower importance are 
undamaged. After that, the remaining asperities are crushed gradually, decreasing 
the contact ratio and generating plenty of gouge materials.  
  The shear strength is observed to increase with the increases in initial normal 
stress and normal stiffness. As the dilation occurs for rough fractures under CNS 
boundary condition, the normal stress acting on the interface increases, thus 
contributing to an increased value of shear stress. This increase of normal stress 
also leads to smaller dilation under the CNS boundary condition than the CNL 
boundary condition at the same initial normal stress. 
  The surface of a rock fracture is a 3-D object, and the 2-D methods based on 
discrete and independent cross-sectional profiles could only measure a part of the 
roughness characteristics. 3-D fractal evaluation method, such as projective 
covering method, can provide a more integrated assessment to the surface 
roughness of rock fracture and can be better variable for shear strength prediction. 
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  For all the shear tests on the rock fractures with standard JRC profiles or with 
natural roughness surfaces, Barton’s criterion of shear strength provides good 
predictions to the experimental results. But overestimation of Barton’s criterion 
has been observed at some high normal stress (i.e. larger than 10MPa) with rough 
rock fractures, which requires further experimental verifications.  
 
2) Coupled shear-flow-tracer tests 
  It has been observed and confirmed that fluid flows through a rough fracture 
following connected channels bypassing the contact areas with tortuosity, not only 
by theoretical predictions or numerical simulations but also from direct 
observation of flow images by the utilization of visualization technique. 
  Since the CNS boundary condition can inhibit dilation in a shear process, the 
transmissivity of a rock fracture under CNS boundary condition in a shear can be 
much smaller than that under CNL boundary condition depending on the initial 
normal stress, normal stiffness and surface roughness of the tested fracture. 
  The ‘minus dilation’ happening at the initial shear displacement (usually less than 
2mm) could significantly decrease the transmissivity of a rock fracture, 
preventing fluid flows through the fracture. After that, the transmissivity increases 
quickly (stage 1) until a threshold, and the gradient of transmissivity trends to 0 
subsequently (stage 2). Comparing to a flat fracture, a rough fracture could obtain 
higher value of transmissivity in stage 2 and the threshold of stage 1 would come 
earlier. The change of contact ratio in a shear is just opposite to that of 
transmissivity. 
  The numerical models using digitized fracture surfaces can be an effective 
approach to assess the evolution of mechanical aperture and contact area 
distributions in a shear process. Its validity has been verified by comparing the 
simulation results to the flow images obtained from the coupled shear-flow-tracer 
tests with visualization of the fluid flow.    
  The cubic law performs reasonably well without need for any modifications for 
most tests on rough rock fractures. However, dispersedly distributed contact areas 
could remarkably decrease the threshold for the validity of cubic law. That means 
modifications may still be needed when estimating the hydromechanical 
behaviour of the very rough rock fractures such us the last few profiles in JRC 
system with large JRC values. 
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3) Flow simulation 
  Generally, the flow rates provided by numerical simulations using FEM by 
solving Reynolds equation agree well with that obtained from coupled shear-flow 
tests. Detailed numerical simulation results such as aperture and contact 
distributions also agree well with the flow images obtained from coupled 
shear-flow-tracer tests. 
  For the unidirectional flow simulations, the flow rate in the fracture increases 
during shearing process. However, a greater increase is observed in the direction 
perpendicular to the shear due to the significant flow channels newly created in 
that direction. 
  In the present simulations, ignorance of asperity deformation may be the most 
significant factor that produced discrepancies between the results of experiments 
and simulations, which needs a better representation in further numerical models. 
 
4) Simulations of in-situ tests on rock block/rock mass  
  Comparing to conventional DEM program, the Expanded DEM (EDEM) 
approach can simulate the cracking process happening in intact rock, thus can 
help gain better simulations to the failure phenomenon of rock where 
micro-cracking plays an important role.  
  The cracking patterns and the stress-axial strain curves of unconfined and triaxial 
compression tests obtained from simulations by using EDEM fit well with the test 
results, which proved the validity of the numerical approach.  
  The stress transmission in rock mass is dominated by the rock joint set with a 
large number of parallel distributed rock joints and with large persistence. The 
secant elastic modulus of a rock mass is ruled by the density of joints in the stress 
transmission range (area that stress has been effectively transmitted). 
  The shear behaviour of rock mass is significantly affected by the angle between 
dip direction of rock joint set and shear direction, and the case where such angle is 
larger than 90° can have much lower shear strength than the case where the angle 
is smaller than 90°. 
 
5) Simulations on underground opening excavation 
  The following procedures have been applied in the numerical study to the 
performance of a large-scale underground opening: (a) carefully planning the prior 
survey to acquire effective geological data; (b) carrying out sufficient in-situ and 
laboratory experiments based on reliable apparatus through effective methods to 
Coupled Shear Flow and Deformation Behaviour of Fractured Rock Mass 
 
 260
obtain the properties of rock masses and discontinuities; (c) inputting these 
geological engineering data into DEM program to build the basic numerical 
model; (d) updating the model of discontinuities during the excavation process to 
improve the accuracy of prediction; (e) advising the construction using the 
predicted results such as the reinforcement on key blocks. Following such 
procedure, the displacements measured at various portions of a opening obtained 
from simulations and field measurements agree well with each other. 
  The discontinuities at the upper part of an opening (especially around arch) have 
remarkable influence on the deformation behaviour of the whole opening. The 
presence of rock joint set on the arch can easily generate plenty small blocks, 
introducing the risk of block falling, which is highly unfavorable to the stability of 
arch. The bench excavations affect the deformation on arch little but continuously 
increase the deformation on sidewalls. Orientations of initial ground stress close 
to pre-existing rock joint set are unfavourable to the arch stability of opening. Egg 
shape and mushroom shape openings have more advantage in inhibiting the 
displacements on arch than warhead shape. 
  Fractal dimension can be a useful tool to account for the geometrical distribution 
of rock joints in a rock mass. It is observed that the maximum displacement of 
underground opening increases remarkably as fractal dimension increases when 
the angles among the major joint sets are smaller than 90°. Great deformations can 
be produced when the angle between a joint set and the opening wall is around 
60°, which should be paid high attention in constructions.  
  The model tests and numerical simulations using EDEM reveal that both the dip 
angle and spacing of rock joints have large influences on the amount and position 
of new cracks. The amount and area of new cracks generally increase with the 
increases of dip angle of joints (e.g. from 20° to 60°, but not close to 90°), depth 
of opening, initial ground stress and decrease of joint spacing. The support by 
rock bolts has significant meanings to the opening stability in terms of largely 
inhibiting the deformation of rock masses and the amount of new cracks as well as 
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Besides the contents depicted in this thesis, a few studies are now in progress as 
continuations of the present studies, the principal ones of which are: 
  Testing the response of shear strength to the shear rate to account for the ground 
conditions where earthquake happens. A number of experimental studies are 
ongoing based on the direct shear test apparatus, the first stage of which involves 
16 cases sheared under different boundary conditions and different shear rates 
(from 0.5mm/min to 50mm/min). The test results show that the shear strength of 
rock fracture increase significantly with the increase of shear rate under CNL 
boundary conditions but less sensitive under CNS boundary conditions. 
  Constituting more sophisticated models taking into account the asperity 
deformation and damage during shear process and reflecting the geometrical 
changes of fracture surface into the coupled shear-flow simulations, especially 
into the numerical models accounting for the mechanical aperture changes in a 
shear process. The model construction with such considerations has been 
completed and the model will be examined by comparing simulation results to 
coupled shear-flow-tracer test results.   
  Testing the relation of the validity of the cubic law with the value of Reynolds 
numbers based on parallel plates model with differing contact ratios, so as to 
provide more specific ranges for the validity of Reynolds equations used in 
numerical simulations. Some experiments have been carried out with contact 
ratios of 0%, 15% and 20% on parallel plates model and the whole shear process 
up to 15mm on a rough rock fracture, the results of which show that the critical 
Reynolds numbers for turbulent flow are from 50 to 250 in all the tests, and the 
critical Reynolds number decreases with the increase of contact ratio, indicating 
that a fracture with more contacts can produce flow channels with larger tortuosity, 
facilitating the transition from laminar flow to turbulent flow.   
  Constituting the models reflecting the discontinuity distributions around an 
underground structure with the full considerations of the interactions of seismic 
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